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THERMAL CONDUCTIVITY OF MnO AND Niot 


G. A. Slack and R. Newman 
General Electric Research Laboratory, 
Schenectady, New York 
(Received October 3, 1958) 


Thermal conductivity measurements were made 
on single crystals of MnO and NiO which were 
grown by the Verneuil process. The crystals 
were in the shape of rods about 0.5 cm in dia- 
meter and were cut to be about 2 cm long. The 
singleness of the crystals was judged from the 
fact that they possess well defined orthogonal 
cleavage faces, and that preliminary x-ray study 
revealed no large-angle grain boundaries or 
twins. Neither crystal was annealed after the 
growing and cutting operations, therefore some 
strains may be present. No study has been made 
of the dislocation density. The crystal structure 
of the monoxide has been verified by x-ray stud- 
ies. However, small deviations from stoichio- 
metry may exist in these crystals. No intention- 
al impurities were added during growth. The 
starting material for the NiO was reagent grade 
NiCO,, and reagent grade MnCO, was used for 
the MnO. 

The thermal conductivity was measured over 
the temperature range from 3°K to 300°K. A 
steady-state heat-flow method was used in which 
heat was supplied electrically to a nichrome wire 
heater at the top of the crystal. The temperature 
gradient along the crystal was measured with a 
Au + 2.1 atomic percent Co’ versus Manganin 
differential thermocouple cemented to the cry- 
stal at two points along its length. The thermo- 
couple output was measured using a potentio- 
meter or a direct-current breaker amplifier. A 
second differential thermocouple measured the 
temperature difference between the lower point 
and the base of the crystal. The average tem- 
perature at the base of the crystal was measured 
with a constant volume helium gas thermometer. 
With this method the thermal resistance of the 


contacts at the ends of the sample does not enter 
the computation of the thermal conductivity. De- 
pending on the temperature range, the heat input 
to the sample was varied from 0.2 milliwatts to 
500 milliwatts, and the temperature gradient 
from 0.3 degfm to 7 deg/cm. The estimated 
accuracies of the measurements are +0.5% for 
the absolute temperature, +3% for the relative 
thermal conductivity values of a given sample, 
and +8% for the absolute thermal conductivity 
values. The main error in the absolute values 
is caused by the somewhat irregular geometry 
of the sample. 

The measured thermal conductivities are shown 
in Fig. 1. Some tentative explanation of the 
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FIG. 1. The thermal conductivity of MnO and NiO 
versus temperature from 3°K to 300°K. 
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shapes and magnitudes of these curves can be 
made. Since the electrical resistivity of both 
crystals was greater than 10° ohm cm at all tem- 
peratures, only the lattice conductivity should be 
important. The magnitude of the thermal con- 
ductivity at the Debye temperature, Ky, can be 
estimated.” A value of 7 =2 is assumed for the 
Griineisen constant of both materials, and a 
Debye temperature of 410°K is used® for NiO and 
230°K for* MnO. This gives Kg=0.19 watt/cm 
deg for NiO and 0.059 watt/cm deg for MnO. As 
seen from the graph, the order of magnitude 
agreement is satisfactory. The Kg values are 
calculated assuming that Umklapp-processes 

are the only mechanism producing thermal re- 
sistance. This is clearly not the case in MnO 
where there is a decided minimum in the thermal 
conductivity curve at the Néel temperature 
(120°K) at which MnO changes from an antiferro- 
magnetic state to a paramagnetic one. The lattice 
distortion® which occurs at the Néel point seems 
to be too small to explain this effect. In addition 
to the Umklapp scattering, it appears that there 
is an additional interaction between the phonons 
and the magnetic moments of the manganese 
atoms which serves to scatter the phonons. A 
similar minimum in the thermal conductivity of 


single crystals of NiO might also be found at its 
Néel temperature (525°K). Earlier investiga- 
tions® on compressed powder samples of NiO 
failed to exhibit such a minimum. 


Since the thermal conductivity is proportional 
to the specific heat, one might expect to find a 
A-type anomaly in the thermal conductivity simil- 
ar to that found‘ in the specific heat at the Néel 
temperature. Although such an anomaly was 
looked for very carefully during the thermal con- 
ductivity measurements, none was found. This 
indicates that the thermal conductivity associated 
with the magnetic ordering anomaly in the speci- 
fic heat curve is less than a few percent of the 
lattice thermal conductivity at the Néel point. 

The thermal conductivity of a perfect insulat- 
ing crystal at low temperatures should be deter- 
mined by boundary scattering’ of the phonons. 
The magnitude of the boundary scattering has 
been estimated using the sample diameter, the 
Debye temperature, and the average sound veloc- 
ity calculated from the Debye temperature. For 
NiO with an average velocity of 2.9 x 10° cm/sec 
the result is K=0.117*° watt/cm deg*. The ob- 
served K at the lowest temperatures varies as 
T*, but is a factor of 140 less than the calculat- 
ed value. This indicates an equivalent mean free 
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path for the phonons of 30 microns. For MnO 
the average velocity is 1.7 x 10° cm/sec, which 
gives K =0.34 T° watt/cm deg*. Since the ob- 
served K is nearly proportional to 7°, the data in- 
dicates a mean free path of 0.5 microns. Thus 
the external boundaries are not limiting the 
thermal conductivity at low temperatures; some 
other scattering mechanism is required to ex- 
plain the results. This may be the interaction 
with strains, precipitates, spin waves, or anti- 
ferromagnetic domain walls. Further experi- 
ments using annealed crystals and crystals 
grown by other techniques are underway in an 
attempt to clarify the problem. 

The authors wish to thank W. L. Roth and H. 
Ehrenreich for discussions concerning some of 
the problems posed by the results of the present 
investigations. 
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LATTICE VIBRATIONAL SPECTRA 
OF Si AND Ge 


H. Cole and E. Kineke 
International Business Machines 
Research Laboratory, 
Poughkeepsie, New York 
(Received October 10, 1958; revised manuscript 
received October 24, 1958) 


There are two basic ways at the moment for 
obtaining the lattice vibrational spectrum of a 
crystal if one has the experimentally determined 
dispersion relations for the elastic waves trav- 
eling in certain directions in the crystal. One 
is based on an interpolation method which re- 
constructs the whole vibrational spectrum from 
the behavior of the dispersion curves at certain 
singular points in the Brillouin zone'~*; the 
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other uses a brute-force machine calculation 
based on analyzing the dispersion curves to ob- 
tain a set of interatomic force constants and then 
calculating enough of the remaining frequencies 
to sample the distribution adequately.* 

A program, based on the Born-von Karman 
theory of lattice vibrations, has been written for 
an IBM 704 in order to carry out the latter pro- 
cedure. With the interatomic force constants as 
input, the program will generate the elements of 
and solve the Hermitian matrices for several 
thousand wave vectors for certain cubic crystals, 
including forces out to sixth-neighbor, and print 
out all or any of the frequencies and polarization 
vectors and/or the frequency distribution. As 
there is special interest in the vibrational spec- 
tra of Si and Ge, and since sets of interatomic 
force constants are available, these spectra as 
computed with this program are reported on 
below. 

Figure 1 is the vibrational spectrum of Ge ob- 
tained by using a set of force constants derived 
from the dispersion curves of waves traveling 
in the [100] and [111] directions. The dispersion 
curves were obtained by Brockhouse using neu- 
tron scattering.® The set of force constants 
used were derived by Herman’® and, independ- 
ently, by the authors. It was found necessary to 
include forces out to sixth-neighbor. Herman 
reported several possible sets; some were 
ruled out by him on physical grounds and by the 
authors since the sets predicted imaginary fre- 
quencies along the [110] axis and in other direc- 
tions. However, Herman’s remaining sets gave 
essentially the same distribution although they 
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FIG. 1. Lattice vibrational spectrum of Ge. 


predicted different [110] dispersion relations. 
Further experimental results are needed to de- 
fine properly a unique set. The fact that sixth- 
neighbor forces play a role is somewhat sur- 
prising. Attempts to explain certain aspects of 
the forces in Ge have been made by Lax.” 
Figure 2 is the vibrational spectrum of Si ob- 
tained by using a set of force constants derived 
by Learn® from x-ray scattering experiments. 





FIG. 2. Lattice vibrational spectrum of Si. 


These constants assume that all forces beyond 
third-neighbor are negligible, and, as in the 
case of Ge, the antisymmetric second-neighbor 
constant was taken to be zero. In view of the 
fact that the convergence properties of the force- 
constant model with respect to the addition of 
further neighbors have not been explored, these 
spectra should be treated as somewhat tentative. 
Earlier calculations were made by Hsieh® using 
even simpler sets of constants. 

We would like to thank Dr. Herman, Dr. 
Warren, and Dr. Learn for much interesting 
correspondence and for sending us copies of 
their sets of force constants. 
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ORIGIN OF WEAK FERROMAGNETISM IN 
RARE-EARTH ORTHOFERRITES 


R. M. Bozorth 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received October 30, 1958) 


Weak ferromagnetism, with a ferromagnetic 
moment of » p = 0.03 to 0.1 Bohr magneton per 
molecule, has been observed'~* in the rare- 
earth orthoferrites, MFeO,, where M = Sm(62) 
to Lu(71), inclusive. In all of these np depends 
only slightly on temperature between 100 and 
300°K, and in all single crystals examined?» * 
except in SmFeO, the magnetization is along the 
orthorhombic c axis in this temperature range. 

It is known from the neutron diffraction work 
of Koehler, Wollan, Wilkinson, and Cable‘ that 
at these temperatures the moments of the Fe** 
ions in HoFeO, and ErFeO, are ordered so that 
each ion has 6 nearest neighbors of opposite 
moment (their® type G), all aligned nearly par- 
allel to the a axis. 

This note is to show that the direction of the 
weak ferromagnetism is a result of the disturb- 
ing effect of the crystal field on the much 
stronger exchange field. The known orthorhom- 
bic crystal structure, worked out by Geller, ® 
determines the effect of the disturbing crystal 
field on the array of Fe** moments, the direc- 
tions of which are determined approximately by 
neutron diffraction. A similar explanation of 
the weak ferromagnetism of aFe,O, and of some 


fluorides has been proposed by Dzialoshinskii.’» ® 


Consider one of the Fe** ions in Fig. 1, its 


FIG. 1. Arrows represent directions of magnetic 
moments in 4 representative Fe** ions in MFeO;, as 
they would be held by exchange forces alone; broken 
lines represent (arbitrary) directions of the crystal 
field. The letter u indicates the end of the line that is 
" above the plane of the paper and has a component 
along the positive c axis. Coordinates of atoms are 
given in units of crystal cell dimensions. 
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magnetic moment directed along the a axis by 
exchange interaction as shown by the arrow, and 
let the crystal field lie along an arbitrary direc- 
tion represented by the broken line (not in the 
plane of the paper). Then the ion moment will 
be turned slightly by the crystal field away from 
its exchange position, so that it will have com- 
ponents parallel to the 6 and c axes. Considera- 
tion of these components for the 4 appropriate 
ions shows that the net component of all of the 
ions is parallel to the c axis. The directions of 
the crystal field acting on these 4 ions is de- 
termined by the symmetry of the crystal, re- 
presented by the orthorhombic space group 
Pbnm (D,7'°)which has a reflecting plane 1c and 
a screw axis ||a (see Fig. 1) as well as other 
symmetry elements. 

Since the moment of the Fe** ion is about M 
= 5 Bohr magnetons, the experimentally deter- 
mined moment of the crystal corresponds to a 
deviation of the direction of M from the a axis 
by 2 to5°. This indicates that the crystal field 
is much weaker than the exchange field, in agree- 
ment with accepted ideas. 

The behavior of SmFeO, is exceptional® among 
the orthoferrites in that the weak ferromag- 
netism lies along the a axis. An analysis simi- 
lar to that given above shows that this is to be 
expected if the exchange forces act to align the 
Fe**+ moments along the c axis (see Table I). 
Unfortunately a test of this alignment in SmFeO, 
with neutron diffraction is difficult because the 


Table I. Direction of weak spontaneous magnetiza- 
tion, 0), as dependent on type* of ordering and appro- 
ximate direction of Fe** moments. 








Approximate 


Type moment axis Direction of 0» 





c 


0) = 90 








a 
See reference 5. 
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nuclear cross section of Sm is so high. At 
higher temperatures the ferromagnetism lies 
along the c axis® as in the other orthoferrites at 
room temperature. 

At temperatures below 20°K the moments of 
the rare-earth ions begin to be ordered. Then 
the exchange interaction with these ions has an 
important influence on the magnetic properties 
of the crystal, and the spontaneous magnetiza- 
tion is sometimes larger by orders of magni- 
tude; under these conditions the assumptions 
used above no longer apply and the magnetiza- 
tion is no longer weak. 

The directions of spontaneous magnetization 
have also been determined for two other types 
of ordering of moments, namely types A and C 
according to the nomenclature of Wollan and 
Koehler.’ Results for all three types, with 
given spin directions, are given in Table I. The 
possibility of generalizing the method of calcula- 
tion has been discussed with Professor W. H. 
Zachariasen. 

The author is indebted to Dr. Elizabeth A. 
Wood and Dr. S. Geller for discussions concern- 
ing the crystal symmetry of the orthoferrites, 
and to Dr. W. C. Koehler of Oak Ridge National 
Laboratory for a discussion of the results of 
neutron diffraction. All of the work on single 


crystals of the rare-earth orthoferrites has 
been made possible by the growth of large crys- 
tals by Remeika.° 
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2Bozorth, Kramer, and Remeika, Phys. Rev. Lett. 
1, 3 (1958). 
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(to be published). 
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HEAT CAPACITY OF 
SUPERCONDUCTING ZINC 


Norman E. Phillips 
Department of Chemistry and Radiation Laboratory, 
University of California, 
Berkeley, California 
(Received October 27, 1958) 


Zine provides an interesting example for the 
study of the electronic heat capacity of super- 
conductors because it shows the sharp transition 
characteristic of the ideal superconducting state 
and at the same time the lattice heat capacity is 
relatively small, amounting to only 3% of the 
total at temperatures just below the transition 
temperature. This report describes the results 
of measurements on superconducting and normal 


zinc between 0.15° and 1.1°K. 
Temperatures below 1°K were obtained by the 


adiabatic demagnetization of copper potassium 
sulfate. This salt was chosen in the belief that 
its susceptibility follows a Curie-Weiss law to 
0.1°K.'»? The zinc sample was connected to the 
salt pill through a superconducting heat switch 
and a mechanical heat switch was used to pro- 
vide thermal contact between the salt anda 
helium vapor pressure bulb. A carbon resistance 
thermometer attached to the sample was cali- 
brated against the mutual inductance of a set of 
coils surrounding the salt pill and the mutual 
inductance, M, was in turn calibrated against 
the temperature, 7, calculated on the Leiden 
1955 scale. Temperatures below 1°K were cal- 
culated from the relation 


M=A+B/(T- A), (1) 


in which the constants, A, B, and A were deter- 
mined by plotting M vs (T- A)~* for tempera- 
tures between 1.1° and 4.2°K and for various 
values of A. The best straight-line fit was ob- 
tained for A = 0.033° and this value was used in 
the calculations. A more detailed account of 

the experimental method has been given in 
connection with measurements on copper and 
aluminum.* 

The sample used was a single crystal of 
99.999% zinc grown in a helium atmosphere and 
showing a sharp superconducting transition. A 
warming curve taken through the transition re- 
gion at a constant rate of heat input changed 
slope by a factor of 2.3+0.1 within a tempera- 
ture interval of 0.001° at 0.825°K. The discon- 
tinuity in heat capacity estimated by extrapola- 
tion of measured heat capacity points to 0.825° 
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was by a factor of 2.24. 

Figure 1 shows that for temperatures above 
0.3°K the normal-state heat capacity, C,, is 
given by 


C, =yvT + BTS (2) 


to within the experimental precision of about 1%. 


The value of y obtained from the straight line in 
the figure is 0.66 millijoules/mole deg”. The 
lattice heat capacity at these temperatures is 
too small to permit an accurate estimate of 3. 
Below 0.3°K, C,, is greater than yT+ T°, the 
difference amounting to 5% at the lowest tem- 
peratures. This apparent anomaly in the heat 
capacity is very probably due to errors in the 
calibration of the thermometer. For example, 
if A is taken as 0.028° instead of 0.033" and the 
values of A and Bare changed in such a way as 
to preserve the fit of Eq. (1) at 1.5° and 4.0°K, 
the normal-state points in Fig. 1 all fall ona 
straight line parallel to that shown in the figure 
but with a value of y about 1% smaller. With 
these values of A, B, and A, Eq. (1) would not 
fit the calibration points as well but the differ- 
ence would amount to at most 0.003" and is not 
large compared to the uncertainties involved in 
the measurement of helium vapor pressures 
and in the vapor pressure-temperature relation 
itself. It must be concluded that within the 
accuracy of the experiment the normal-state 
heat capacity is adequately represented by Eq. 
(2). Within the combined experimental errors 
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FIG. 1. Heat capacity of zinc in the normal and 
superconducting states. 
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this is in agreement with an extrapolation of 
calorimetric measurements from above 1°K.‘ 

The electronic heat capacity in the supercon- 
ducting state, C,,, has been obtained by sub- 
tracting the lattice heat capacity from the total 
in the usual way and is shown in Fig. 2 asa 
plot of log(C../yvT,) vs T/T, where 7'. is the 
zero-field transition temperature, 0.825°K. An 
equation of the form 


a y 


Cos/vT, = ae °c’ (3) 
has been shown to fit experimental data for 
vanadium’ tin, ® and aluminum’ for temperatures 
from T/T = 1.5 to about T,/T = 3.5 and is also 
given by the theory of Bardeen, Cooper, and 
Schrieffer’ in this same range of reduced tem- 
peratures. It is apparent that Eq. (3) is not 
adequate to represent the present data but sev- 
eral straight lines are included in Fig. 2 for the 
purpose of providing a comparison with other 
superconductors and with the theory. The 
values of a and 6 determined by the experimental 
points between 7,/T = 2 and T/T =3 are 5.8 
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FIG. 2. Electronic heat capacity in the supercon- 
ducting state. 
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and 1.22, respectively. When these values are 
compared with 9.17 and 1.5 for vanadium® and 
tin, ® and 7.6 and 1.32 for aluminum, ® all at the 
same reduced temperatures, it is evident that 
the law of corresponding states of the Bardeen, 
Cooper, and Schrieffer theory is not obeyed. 
The values of a and } predicted by the theory 
are 8.6 and 1.44.’ 

The lowest-temperature points must be inter- 
preted with some caution because of the uncer- 
tainty in the temperature scale, but the devia- 
tions from Eq. (3) are outside the estimated ex- 
perimental error. Any error in the thermometer 
calibration will change the normal and super- 
conducting state heat capacities by the same 
factor, and while the lowest temperature normal 
state points are 5% higher than expected, the 
corresponding superconducting state points are 
greater than 5.8 y7_.exp(-1.227,/T) by 85%. A 
recalculation of the superconducting- state points 
using A = 0.028° as discussed above for the 
normal state does not appreciably alter their fit 
to an exponential. 

The difference in heat capacity between the i 
normal and superconducting states has been in- 
tegrated to obtain the critical field H, as a func- 
tion of temperature. The value of H,, the criti- 
cal field at absolute zero, is 51.8 gauss, in 
good agreement with the value 52.5 gauss ob- 
tained by an extrapolation of direct magnetic 
measurements.® At T/2 the critical field is 
about 5% less than that calculated from the para- 
bolic temperature dependence. 

The author wishes to express his appreciation 
to the National Research Council for a post- 
doctoral fellowship held at the time these ex- 
periments were undertaken. 
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CORRELATION CORRECTION TO THE 
ACTIVATION ENERGY FOR DIFFUSION 
IN CRYSTALLINE SOLIDS 


John R. Manning 
National Bureau of Standards, 
Washington, D. C. 
(Received October 17, 1958) 


Experimentally, many investigators have 
found that for tracer diffusion in homogeneous 
single crystals, the variation of the diffusion 
coefficient with temperature may be represented 
by a simple Arrhenius equation, 


D = D, exp(-@Q/RT), (1) 


where D is the diffusion coefficient, D, and Q 
are experimentally determined constants, RA is 
the gas constant, and 7 is the absolute tempera- 
ture. The form of Eq. (1) is consistent with the 
concept of an elementary diffusion jump process, 
with the jump frequency, v, satisfying the equa- 
tion 


v = C exp(-H/RT), (2) 


where H is an activation energy and C is a con- 
stant. 

In the comparison of theory and experiment, 
@ has often been assumed to be equal to H, the 
relation between the diffusion coefficient and the 
jump frequency being taken as 


D=ya’'v, (3) 


where a is the jump distance and y is a constant 
depending on geometry. Actually, there should 
be an additional factor f, called the correlation 
factor,’~* on the right-hand side of Eq. (3). 
This factor is equal to unity only if the direc- 
tions of successive jumps are not related. If 
the correlation factor is a function of tempera- 
ture, Q will no longer equal H, but instead, 


Q =H - R [dinf/d(1/T)]. (4) 


The additional term in Eq. (4) may be quite 
important. To demonstrate this, the correction 
required for diffusion of Cd, In, Sn, and Sb in 
pure silver has been calculated. 

Lidiard and LeClaire?»* have shown that for 
diffusion of an impurity B by a vacancy mecha- 
nism in a fcc lattice of A atoms, 


2w, + Tk, 


2w, +2w, + Tk, ’ (5) 


f 





where w,, w,, and k, are the probabilities per 
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second that a vacancy that is a nearest neighbor 
of a B atom will exchange with the B atom, with 
any particular one of the four A atoms that are 
nearest neighbors of both B and the vacancy, 
and with any particular one of the other seven 
atoms adjacent to the vacancy, respectively. 
Because of the electrostatic and elastic effects 
from the presence of the impurity B, neither w, 
nor w, will equal w,, the value in an environment 
of pure A. Thus, 


W, = Wy exp(AE,,/RT), (6) 


uw, = W Sexp(AQ,,/RT), (7) 


where AE,, is the difference between the energy 
for motion for a w.-jump and that for a w,-jump, 
AQ, is the corresponding difference for w,- and 
w,-jumps, and S is the ratio of the pre-exponen- 
tial factor for w, to that for w,. The correspond- 
ing ratio for w, and w, will be assumed to be 
unity since an A atom is diffusing in both of 
these cases. 

If there is a binding energy, AEF, between the 
impurity and the vacancy, the probability of a 
k,-jump, in which the vacancy and the impurity 
dissociate, will be decreased. Thus, ina sim- 
plified model with next nearest neighbor effects 
assumed to be negligible, 


k, = Uy exp(- AE//RT). (8) 


The variation of the correlation factor with 
temperature changes the apparent activation 
energy. Also, the correlation factor enters into 
D, but not into the w’s. Thus, assuming that the 
temperature variation of the binding energy is 
negligible, 


Dop SA 


= aa ae - .. 9 
S x 7 exp(- 4H/RT), (9) 


where D,4 and D,g are the values of D, for A 
and B diffusing in pure A, f, and fp are the 
corresponding correlation factors, and AH is the 
correction term in Eq. (4), equal to Q-H, for B 
diffusing in pure A. The correction term is zero 
for A diffusing in pure A since, in this case, 
w, = w, =k, at all temperatures, and f, is a 
constant. 

If Qp is the activation energy determined from 
Eq. (1) for B diffusing in pure A and Q, is that 
for A diffusing in pure A, with AQ = Q4- Qz, 


AQ + AH = AQ,, + AEy. (10) 


From Eqs. (4) to (10), the activation energy H 
and the pre-exponential factor A = ya*C, as de- 
fined in Eqs. (2) and (3), can be calculated nu- 
merically. Tomizuka, Sonder, and Slifkin®~’ 
have measured Q,4, 9g, DoA, and DB for dif- 
fusion of Cd, In, Sn, and Sb in pure silver ina 
temperature range centered at approximately 
1000°K. Binding energies, AE;, have been cal- 
culated by Alfred and March, ® using an extension 
of Lazarus’ screening theory.® The value of K 
= AE,,,/ASQ, 1s not known; however, it is rea- 
sonable to assume 0 < K <1. Calculations were 
done for K = 0, ¢, 3, and 1 using T = 1000°K 
and the values are listed in Table I. 

The resulting values of H and A are given in 
Table Il. If K =1, the effect of correlation on 
the activation energy is almost within experi- 
mental error. However, if K = 4 or }, the ef- 
fect is quite pronounced, and, if K = 0, the ef- 
fect is so large that it gives negative activation 
energies, which are physically impossible. The 
effect on the pre-exponential factor also is quite 
large. The analysis given here is only approxi- 
mate; however, with any reasonable set of 
assumptions, there should be a non-negligible 
correlation correction if K =0, 3, or 3. The 


Table I. Values used in calculation of correction correction for diffusion in pure 


silver. 








Activation energy Q 


Tracer (kcal/mole) 


Frequency factor D, 


Binding energy E¢ 


(cm?/sec) (kcal/mole) 





Ag 44.09 
Cd 41.7 
In 40.6 
Sn 39.3 
Sb 38. 32 





0.395 0. 00 
0.44 0.81 
0.41 1.31 
0.25 1.75 
0.169 2.07 
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Table II]. Calculated values, with correction for 
correlation, of activation energy H and pre-exponen- 
tial factor A for tracer diffusion in pure silver for 
various values of the parameter K. 








Tracer K=1 K=} K =} K=0 





Activation energy H (kcal/mole) 


44.09 44.09 44.09 44.09 
41,2 40.5 39.8 38.4 
40.1 38.8 37.0 16.6 
38.9 37.5 35.2 a 


38.1 36.6 34.2 a 


Pre-exponential factor A (cm’/sec) 
Ag 0.48 0.48 0.48 0.48 
Cd 0.57 0.45 0.35 0.21 


In 
Sn 
Sb 


0.55 
0.32 
0.23 


0.37 
0.20 
0.13 


0.19 2.2x 107 
0. 084 a 
0. 050 








“Negative activation energy. 


deviation of the correlation factor from a simple 
exponential dependence on the temperature will 
cause very little curvature in the logD vs 1/T 
plot unless AH is very large. 

Whenever more than one energy for motion 
enters into the determination of the correlation 
factor, there will be a nonzero correction to the 
activation energy. This can occur when diffusion 
in alloys, diffusion in noncubic lattices, or dif- 
fusion of impurities in otherwise pure crystals 
takes place by means of a vacancy or inter- 
stitialcy mechanism. 
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DETERMINATION OF THE HYPERFINE 
STRUCTURE OF ATOMIC NITROGEN BY 
OPTICAL ORIENT ATION* 


W. W. Holloway, Jr., and R. Novick 


Department of Physics, University of Illinois, 
Urbana, Illinois 
(Received October 24, 1958) 


The problems of producing a high degree of 
dissociation of molecular nitrogen and of detect- 
ing nitrogen atoms have prevented, so far, the 
determination of the hyperfine structure of atom- 
ic nitrogen by the method of atomic beams, In 
the method of optical orientation with spin ex- 
change’ these problems are simply and effective- 
ly solved: fractional dissociation of only about 
one part in 10’ is required, and detection is ef- 
fected with a photocell. In this note we report 
new precise values for the hyperfine intervals 
of the ground state of atomic nitrogen. The pre- 
cision obtained in the present results (about 
25 ppm) does not represent the limit of the optical 
method and it is expected that the N**- N’® hyper- 
fine structure anomaly can be determined with 
good precision. The only previous radio-fre- 
quency spectroscopy reported on atomic nitrogen 
is the work of Heald and Beringer* who used the 
method of paramagnetic resonance absorption, 
These workers obtained a value for the hyperfine 
interaction energy with an estimated uncertainty 
of two parts in one thousand. 

The method of atomic orientation by optical 
pumping with spin exchange has been described 
previously in connection with the orientation of 
alkali and hydrogen atoms.'’*-* The present 
experiment is performed in a 500-cc flask filled 
with N, at a pressure of 3.0 cm Hg, He at 0.5 
cm Hg, and Rb vapor at a temperature of 50°C. 
The rubidium atoms are optically oriented with 
circularly polarized and filtered rubidium re - 
sonance radiation. The orientation of the rubi- 
dium is monitored by the transmission method.’ 
Nitrogen atoms are produced by a pulsed dis- 
charge between aluminum electrodes mounted 
along a diameter of the bulb. The electrodes 
have a diameter of 0.5 in. and are separated by 
2.0 inches. Both rf and de discharges have been 
used; the best signals are obtained with a 5-msec 
rf pulse. Zeeman modulation is used to facilitate 
observation of the resonances and the resonances 
in atomic nitrogen are observed by their effect 
on the optical transmission of the bulb. 

The ground state of N“* consists of three hyper- 
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fine levels having total angular momentum values 
of F=5/2, 3/2, and 1/2. All of the Zeeman trans- 
itions (AF=0, Smp=+1) and all of the 7 hyper- 
fine transitions (AF =+1, Amp;=+1) have been 
observed. Typical resonance curves are shown 
in Fig, 1. The resonances have a half-width of 
about 4 kc/sec. The identification of the various 
hyperfine transitions was facilitated by observa- 
tion of their field dependence. In all cases the 
observed field dependence agreed within 1% with 
the theoretical values for the nitrogen reson- 
ances. The values obtained for the (5/2-3/2) 

and the (3/2-1/2) intervals are 


Vero, yo = 26.1275 + 0.0005 Mc/sec, 


= 15.6772 +0.0005 Mc/sec. 


Veo, 1/2 


FIG. 1. Resonances observed in atomic nitrogen. 
The spike at the right-hand end of all of the traces is 
caused by the rf discharge used to dissociate the N, 
molecules. The duration of each of the traces is 1 
sec. 

Upper trace, Zeeman resonances in the F = 5/2 and 
F = 3/2 states as observed in a field of 0.1 gauss. 

Middle trace, splitting of the F = 5/2 Zeeman reso- 
nance into its five components in a field of 1.0 gauss. 

Bottom trace, hyperfine transition between the 
(3/2, -1/2) and (1/2, 1/2) states. 
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These values include a small correction for 
Zeeman curvature (typically 1 kc/sec). A 
search was made for a possible pressure shift 
by observing one of the hyperfine transitions as 
the pressure was reduced by a factor of two. It 
was established that if a pressure shift exists, 
it is less than 1 kc /sec over the range of press- 
ures studied. The quoted uncertainties are about 
three times the probable error and are intended 
to allow for the possibility of a small pressure 
shift. 

The value of the hyperfine interaction constant 
(a) obtained from the (5/2-3/2) transition is 
10.4510 +0.0002 Mc/sec while that obtained from 
the (3/2-1/2) transition is 10.4515 +0.0003 
Mc/sec. Both of these results are in excellent 
agreement with Heald and Beringer’s’ value of 
10.45+0.02 Mc/sec. The apparent discrepancy 
of the values of the interaction constant obtained 
from the two transitions may result from con- 
figuration mixing or interaction with the close- 
lying *P and *D states. 

The authors wish to thank Dr. C. P. Slichter 
for many helpful discussions, 
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MICROWAVE SPIN ECHOES FROM DONOR 
ELECTRONS IN SILICON 


J. P. Gordon and K. D. Bowers 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received October 9, 1958) 


With the introduction of the spin-echo technique 
by Hahn,’ it became possible to observe and 
measure directly transverse relaxation times 
T, in substances where the resonance lines in- 
volved were inhomogeneously broadened by local 
field variations. The spin-echo technique has 
been applied in the radio-frequency region both 
to nuclear spin resonances,” and more recently 
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to electron resonances in sodium-ammonia 
solutions.* It was suggested by Feher‘* that 

spin echoes from donors in silicon at micro- 
wave frequencies could be useful for finding the 
homogeneous part of line widths (AHjomogeneous 
~2/yT,, where y= 1.76 10’ gauss~'sec~ is the 
gyromagnetic ratio of the electron), and also 
that the enhanced signal to noise ratio, storage 
capacity, and speed of response obtained by go- 
ing to microwave frequencies would make a spin - 
echo device a potentially useful memory. 

We have made measurements at 23 kMc/sec 
on some samples of silicon at 1.4°K containing 
lithium and phosphorus, and found transverse 
relaxation times® varying from 200 to 520 micro- 
seconds, depending somewhat on impurity con- 
centration, on the type of donor, and on the 
isotopic purity of the host silicon crystal. On the 
basis of these measurements, one may envisage 
a memory device® in which each element can 
store more than 10* bits of information. 

A standard K-band heterodyne paramagnetic 
spectrometer was used for the measurements, 
as illustrated in simplified form in Fig. 1 
(the simplification consists mainly of omitting 
the stabilization circuits of the klystrons). The 
necessary microwave pulses were generated by 
applying short positive voltage pulses to the re- 
pelier of the signal klystron. The klystron nor- 
mally operated at a frequency 14 Mc/sec above 
the resonant frequency of the cavity, stabilized 











KLYSTRON KLYSTRON 





SIGNAL L.O 














_ HELIUM 


ae 





MAGNET 














Fig. 1. Apparatus used for spin-echo measurements. 


there by a rather slow-acting signal derived 
from a crystal via a multiplier chain. The 
pulses momentarily shifted the klystron’s fre- 
quency down to coincide with the cavity, but 
were sufficiently short so that the stabilizer 
would not follow them. 

Two identical microwave pulses were applied 
to the silicon sample; each was ~1/4 milliwatt 
in amplitude and ~2 microseconds in duration, 
making it approximately a “90° pulse.” When 
the dc magnetic field was brought to resonance, 
one or two echo signals appeared following the 
two input pulses, as shown in Fig. 2 (the first 
echo also acts as a pulse, and generates a sec- 
ond echo), The measurement consisted of ob- 
serving the amplitude of the first echo as a 
function of the time interval between the two in- 
put pulses, 

Four samples of silicon were tested, each 
~1/10 cm’ in volume, and the results are tabu- 
lated in Table 1. The samples varied in donor 
concentration, in type of donor, and in the host 
crystal, but all gave similar values of T,. The 
longest time was found in a sample of isotopic- 
ally enriched silicon 28,’ but this was only a 
factor of two longer than the others. 

It can be seen that 7, decreases only slightly 
with increased donor concentration. The most 
notable change in 7, was observed on going to 
the isotopically enriched Si** sample. In this 
sample the full line width was only 0.2 oersted, 
compared to 2.8 oersteds for natural silicon. 
We might expect this to be equivalent to an in- 
crease in spin concentration, resulting in a 
smaller 7,. The fact that 7, actually increases 
in this sample suggests that the Si** nuclei are 
at least partly responsible for the loss of phase 
memory of the spins. 


INPUT 


ee ees. SECOND 
~ ECHO 


i 1 
150 300 
MICROSECONDS 








RECEIVER OUTPUT 





Fig. 2. Oscilloscope photograph of spin-echo signals. 
Two input pulses and two echoes are shown. The first 
echo doubles as an input pulse to generate the second 
echo. The width of the pulses is determined by the 
response time of the detection set. 
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Table I. Experimental results. 





Concentration of 
Type donors (cm~*) 


Spin-lattice 
time 7, (sec) 


Phase memory 
time 7, (sec) 





P donors 

P donors 10'7 

Li donors 

P donors in 
isotopically 
enriched Si 


3 x 10% 


3 x 10% 


4 x 10% 


~100 2.4 x 1074 
~] 2.0 x 1074 
~100 2.4 x 1074 


5.2 x 1074 





The authors would like to thank Dr. G. Feher 
and Dr. W. B. Mims for helpful discussions, and 
Mr. J. M. Dziedzic and Mr. J. D. McGee for as- 
sistance in running the apparatus. 
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PIE ZORESISTIVITY IN REDUCED SINGLE- 
CRYSTAL RUTILE (TiO,) 


Lewis E. Hollander, Jr. 
Lockheed Missile Systems Division, 
Palo Alto, California 
(Received September 22, 1958) 


The effect of stress on the resistivity of re- 
duced titanium dioxide single crystals, of the 
rutile structure, has been investigated. An 
increase in the resistivity with increasing ten- 
sion was observed in these crystals. To the 
author’s knowledge such an effect has not pre- 
viously been reported for TiO,. A study of this 
effect should contribute to the understanding of 
the conduction mechanism in rutile and other 
oxide semiconductors. In addition, there may 
be high-temperature transducer applications. 

Rutile is an n-type semiconductor with a band 
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gap energy of 3.05 ev. Single crystals, fully 
oxidized, are normally light yellow in color 
and have a resistivity as high as 10°° ohmcm. 

A deficiency of oxygen in the TiO, lattice creates 
oxygen vacancies which increase the optical ab- 
sorption and reduce the resistivity. For high 
oxygen-vacancy densities, the material appears 
deep blue and can have a resistivity as low as 
0.1 ohmcm.'*? The rutile crystal structure is 
tetragonal,* with a = 4.4923A and c = 2.8930A 
and the Schonflies symmetry, D,p. 

Preliminary isothermal measurements were 
made of the longitudinal piezoresistive coeffi- 
cients in directions both parallel and perpen- 
dicular to the c axis of the reduced TiO, crys- 
tal. The orientation of the c axis of the crystal 
was inferred from the orientation of the seed 
crystal and the preferred direction of growth of 
the TiO, boule. The orientation of the other 
crystal axes was unknown. Samples, 1.5 x0.2 
x0.2 cm, were cut from boules of pure TiO, 
about 3 cm high and 1.5 cm in diameter.‘ Pure, 
clean, indium electrodes were soldered directly 
to the carefully cleaned TiO, crystals. The 
resistivity of these samples was 0.7 ohmcm in 
a direction parallel to the c axis and in the 
order of 2 ohmcm perpendicular to the c axis. 
A stress of approximately 2.5 x10’ dynes/cm? 
was applied with a beam balance, and the po- 
tential was measured with a Leeds and Northrup 
potentiometer. 

The piezoresistive effect may be expressed 
as a fourth-rank tensor which, for the D,, crys- 
tal symmetry of rutile, has six piezoresistive 
coefficients. These consist of the four longitu- 
dinal coefficients, 7,,, 2, ™ 3, % 3, and the two 
shear coefficients 7,, and Tq. 

The longitudinal piezoresistive coefficient, 7 bP 
was determined from the relation 


a Ae ae. 
1 PyX — RyX 


(Sys 7 25,;). 


T 
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The measured change in resistance, AR in ohms, 
for an applied stress, X in dynes/cm’*, must be 
corrected for dimensional changes by subtract- 
ing the Si; elastic compliance terms, to obtain 
the change in resistivity, Ap inohmcm.® The 
elastic compliances were calculated from elastic 
moduli data of Dayal obtained from Raman effect 
and infrared data.° Measurements of the C,, and 
C,, elastic moduli in reduced rutile showed 
reasonable agreement with these values.” Par- 
allel to the c axis, 7) is equal to 7,,, and was 
determined to be(6 +0.6)x10°'*cm?/dyne. In the 
plane perpendicular to the c axis the effect was 
approximated at (2 to 4) x10-"?cm*/dyne. 1,, at 
77°K was 20 x10-** cm’ /dyne and followed roughly 
a 1/T temperature dependence up through 400°K. 
With increased oxygen content 7,, proportionally 
diminished. In 100-ohm-cm material at room 
temperature, 7,, ~4 107’? cm?/dyne, while at 
0.1 ohmecm, 7,, ~10~"* cm?/dyne. 

The author is grateful to Dr. T. A. Perls for 
his encouragement in this project, to Dr. K. F. 
Cuff for helpful suggestions, to Mr. T. J. Diesel 
for performing some of the measurements, and 
to Mr. J. R. Field for his assistance in perfect- 
ing a technique for soldering to rutile. 
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OPTICAL MODEL OF 
INELASTIC SCATTERING 


T. K. Fowler 
Oak Ridge National Laboratory,” 
Oak Ridge, Tennessee 
(Received October 13, 1958) 


Inelastic scattering from a complex nucleus 
can be regarded as a collision with a single nu- 
cleon, a direct interaction, if the multiple 
scattering within the nucleus prior to this final 
collision is treated as propagation in a medium 
characterized by a complex potential V;.* If 
“nuclear medium” were an unambiguous con- 


cept, V,; would equal V,, the usual optical po- 
tential describing the propagation of elastic 
waves. However, in their analysis of the scat- 
tering of 14- to 185-Mev protons from carbon, 
Levinson and Banerjee’ found that, while they 
could equate the imaginary (absorptive) parts of 
V,;and V;, they were forced to take ReV, 

= (2/3)ReV,,. In this note, V; will be derived, 
and, for incident particles as heavy as protons, 
it will be seen to differ from ¥. in just this 
respect. 

According to Watson, * the effective field, ¥,, 
incident upon nucleon a and generated by the 
multiple scattering prior to a final scattering 
from a, is given by 

da =!%e) +d" 2) Potala): (1) 
The first term is the elastic part. The second 
term, inelastic in the broad sense that P, pro- 
jects onto nuclear states other than the initial 
state or any state that has occurred following 
prior scatterings in YQ» contains scattering 
from each of the N nucleons, 8, except a, with 
amplitude ¢,, the wave being propagated after- 
wards by d"', where 


d=E+E;+i¢ -h-Hy-Ve. (2) 


Here E, E; andh, Hy are the initial energies 
and Hamiltonians of the isolated incident par- 
ticle and nucleus, and the small positive quan- 
tity € selects outgoing waves. 

Suppose ¥, to be made up of “coherent” and 
“incoherent” parts, Yooh and Yinc, perhaps 
equal in intensity, but all the coherent radiation 
is concentrated in the general direction of the 
incident beam, while the incoherent radiation 
(analogous to multiply scattered classical par- 
ticles) is randomly directed. Clearly, that part 
of the final scattering for which the unidirec- 
tional ¥,4, serves as the incident wave will have 
an angular distribution like that of the incident 
particle scattered from a single nucleon, a 
characteristic of direct interactions, while final 
scattering arising from Yine? being a superposi- 
tion of randomly oriented angular distributions, 
will only contribute a uniform background 
smeared over all angles. Thus, even if the total 
incoherent intensity is appreciable, attention 
can be focussed upon Yooh’ 

Optical propagation, by virtue of destructive 
interference of scattered waves except in the 
forward (beam) direction, generates the familiar 
refracted wave having the properties of Yeoh 
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above. For the elastic contribution to Yeoh? the 
persisting phase relationships necessary for 
interference are provided by the spatial relations 
in the initial-state nucleon density function, 
which is not perturbed by an elastic collision. 
At high energies, inelastic scattering can also 
contribute to ¥.>, because of phase relations 
provided by correlation structure, which can 
survive a collision inelastic with respect to the 
nucleus as a whole as if, say, a correlated pair 
of nucleons were a strongly bound subunit of the 
nucleus.‘ However, since correlation among 
three or more nucleons is thought to be unlikely, 
sequences of at most two inelastic collisions 
predominate, and, one of these being the final 
collision not included in Yop just one inelastic 
scattering could contribute to y In both 
cases, elastic and inelastic, because of the in- 
terference, only scattering with small momentum 
transfer, forward scattering, is important in 
Yeoh" 

In a representation of the incident particle 
momentum, 


5 


de) = pee (Rye), (3) 


the nuclear dependence of y,, is contained in the 
coefficients (k’ \~q), which are packets of nu- 
clear eigenstates, a different packet for each 
momentum k’. However, assuming that small 
momentum transfers predominate so that just 
one value, k, or a band of values near it, is 
important in y,, one might in Eq. (1) approxi- 
mate |~q)= iy (y!¥q), where |y) is the packet 
(Kl~,)- If one approximates also |,)= |pq) 
(valid for large N) and notes firstly that (E - h 

- V,) |¢-) =0 and secondly that, to lowest 
order, V, =D(1 - Py)tg,* then operating on Eq. 
(1) from the left by (y/d yields, in the limit €=0, 


(E-h- V7) <y\¥q) = 9, (4) 


where V; =x +(pLigtg ly), and x =(y|Hy- Ejly) 
is the average excitation in packet state y.° 
In momentum representation, * 


(By 122 tg iy) = Zit) di gp, (Fexpikerg, (5) 
where xk =k - &’, pt ) is the nucleon density 
in state y, and /, is the scattering amplitude for 
the incident particle and a free nucleon. For 
p., uniform over a large volume, the integral is 
approximately 6(x), and (vip) satisfying Eq. 
(4) is a forward-moving, narrow packet of plane 
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waves with momentum components in the neigh- 
borhood of k defined by 


( /2m) + V7(k) = E, (6) 


where m is the incident particle mass and V ({k) 
= (K|Vy|K). Actually, because this k, and hence 
k, has an imaginary part, attenuation limits the 
effective integration volume in Eq. (5) toa 
sphere with radius \ = (2Imk)~*, the attenuation 
mean free path. Then V;, and hence (yl%q)s 
permits momentum transfers up to k~A~*. Ap- 
proximating k?/(2mE)~1, Eq. (6) yields 


y=E” [\ImV,(k) \(2m)¥2}"?, (7) 


For energies of interest, \~' is stil] small. 
Thus, the essential assumption of small xk is 
verified; (y!~,) may be identified with ¥.5p- 

Unless x is so large that state y is radically 
different from the initial nuclear state 7, p,, can 
be replaced by the nucleon density in state 7. 
Then, to lowest order, Eq. (5) is Vo (reference 
3), and 


Vr =x+Veo. (8) 


Since the components of complex V,, are nega- 
tive, and x is real, ImV, = ImV, and, if x 
<|ReV,|, also |ReV;i <|ReV,!, in qualitative 
agreement with Levinson and Banerjee. 

The correction x is plausibly interpreted as 
the excitation imparted to the nucleus prior to 
the final inelastic scattering. One can show that 
the average excitation following the one inelastic 
scattering contributing to ¥,5, is the rms aver- 
age of Lg = M™* kDa over the nucleon momentum, 
Pg namely,’ 


Lg =[(2/3) MAK)”. (9) 


Here K, is the average kinetic energy of the nu- 
cleon, and M is its mass. The appropriate 
value of x in Eq. (9) is the largest permitted in 
Yeoh» Namely, x~A~*. With d given by Eq. (7), 
substituting x = A~* into Eq. (9) gives, finally, 


x ~[(4/3)(m/M)(K /E) #* \ImV fk) |. (10) 


For incident particles as light as pions, x is 
negligible, V7 = V,, and oon = Pc. However, 
for protons incident (m = M), x #0. Table I 
compares x calculated from Eq. (10) for m=M 
and K, = 25 Mev with the Levinson-Banerjee 
value, (1/3)|ReV,!. The energy dependences are 
similar, and the magnitudes are comparable. 

On first sight, comparison of the present de- 
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Table I. Comparison of the theoretical value of x 
= V] - V¢ with its value (1/3)|ReV,| obtained from the 
analysis of proton-carbon scattering by Levinson and 
Banerjee. * V.. is the ordinary, elastic optical poten- 
tial; Vy, the optical potential appropriate to propaga- 
tion preceding a "direct interaction." Vo data are 
from Riesenfeld and Watson.” E is the proton energy. 
All quantities in Mev. 








E \ImV,,| (1/3)|ReV | 





17 8.5 15. 
20 9 12. 
31. 15 11. 
50 

100 7.7 

150 7.4 
200 8.0 








a 
See reference 2. 
W. B. Riesenfeld and K. M. Watson, Phys. Rev. 
102, 1157 (1956). 


. velopment with the Levinson-Banerjee analysis 
of a single inelastic transition would have re- 
quired calculating the transition from packet 
state y, not known in detail, to a particular 

final state. However, since the impulse approxi- 
mation applies at most energies of interest, de- 
tailed features of the nuclear states influence 

the scattering much less than does V;, which 
alters the kinematics of the final collision, and 
hence the angular distribution.” 





* Operated by Union Carbide Corporation for the 
U. S. Atomic Energy Commission. 
‘Nomenclature: inelastic collision means one in 


which the nucleus is left in a different energy eigenstate. 


Units: # = 1 throughout. 

2c. A. Levinson and M. K. Banerjee, Ann. Phys. 
3, 67 (1958). 

°K, M. Watson, Phys. Rev. 105, 1388 (1956). 

‘The inelastic part of ¥__,, which is not coherent 
with the incident beam, concerns instead relative 
coherence defined by M. Lax, Revs. Modern Phys. 
23, 287 (1951); see also reference 3. 
3H. A. Bethe, Phys. Rev. 103, 1353 (1956). 

®The convenience of defining the nuclear medium 
with respect to a packet state following certain inelas- 
tic collisions was pointed out by K. M. Watson, ref- 
erence 3. 

"L P is the nuclear excitation accompanying correla- 


tion scattering in impulse approximation. An additional 
excitation (2M)~'x? would occur if either direct (non- 
interference) scattering or repeated inelastic collisions 
with B were considered. See G. C. Wick, Phys. Rev. 
94, 1228 (1954), and T. K. Fowler (to be published). 





INTEGRATION OF SECONDARY CONSTRAINTS 
IN QUANTIZED GENERAL RELATIVITY 


Peter W. Higgs 
Department of Mathematics, Imperial College, 
London, England 
(Received September 29, 1958) 


Using his generalized Hamiltonian dynamics’ 
and treating x° as the time parameter, Dirac? 
has recently shown that the primary constraints 
(~-equations) in general relativity can be brought 
by a canonical transformation into the form 


7 #9. 0, (1) 


where 7” is the momentum conjugate to Suv: He 
has shown moreover that the transformed Ham- 
iltonian in the absence of matter, after Eq. (1) 
has been taken into account, is 


H= Jd*x{(g) Ky, +gy9e7SH,}, (2) 
in which 


ee gy =55", 


K,, ie — An7S g, ) P (3) 
Ky =K""(g, 8s -} BysBab) 1’ sn -KR‘, (4) 


where -K *=detg,, and R® is the fully contracted 
Riemann tensor of the spatial manifold. The 
secondary constraints (y - equations) are then 


Ky=0, Hp ~ 0. - (5) 


(The symbol ~ denotes a “weak” equation. Greek 
indices run from 0 to 3; Latin indices from 1 to 
3.) 

If one wishes to quantize general relativity, an 
alternative procedure to that of Dirac is to render 
the Lagrangian nonpathological by adding to the 
Lagrangian density the term 


4 (-g)* guy SHgVv . 


where SH=(gh@g8p.4 giip,as Zag ,p» and then 
to restore the Einstein equations of motion for 
matrix elements of the potentials by imposing 

on the state functionals ¥{g,,,(x%)} the subsidiary 
conditions (harmonic coordinate conditions) 


Shy =0. (6) 
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When these conditions are required not merely 
to be valid on one hypersurface x° = constant but 
to remain valid as ¥ develops with time (we are 
using a Schrédinger picture), they give rise to 
two sets of conditions on ¥, which turn out to 
be formally identical with the ¢- and y - equa- 
tions, respectively, of Dirac’s formalism. 
Moreover, the Hamiltonian derived from the 
modified Lagrangian is just the expression (2). 
Thus, after applying to ¥ the unitary trans- 
formation which is the quantum-mechanical 
equivalent to Dirac’s canonical transformation 
and making the substitution 14 "(x%)=15/5g, (x), 
we get as the primary conditions [ see Eq.(1)] 


(6/5g,0)¥= 0, (7) 


of which the solution is ¥ = ¥{g,.}. 
We now consider the secondary conditions 


K,¥ =0, (8) 
KY = 0. (9) 


The commutators of K,, Hy are readily evalua- 
ted from the expressions (3), (4) as -i times the 
corresponding Poisson brackets: they are 


[3C,, (x), Hyly )]=H[(8/ox”){ HC, (x) d(x -y)} 
-(8/ay){ HK, (y)O*(x-y)}], 
[Hy (x), H(y )] = “i Ky 6° (x -y). (11) 


Given arbitrary patch functions f“(x), we may re- 


write (3) as 


ifd* x fYH, = Sd*x (f4gys.y +f" y8us 


+f” sBru )5/dg,5 - 


We compare this expression with the variation in- 
duced in gy< (x), &ys'(x) - Brs (x) = - (a"Brs, y 
+a" y8y5 +a" s8y,), by an arbitrary infinitesi- 
mal variation of the coordinates, x’“=x“+a™ (x). It 
is clear that ,, (x) is just the set of infinitesimal 
generators of the group of general coordinate 
transformations on the potentials g,,. Equation 
(10) exhibits the structure constants of this 
group; Eq. (11) merely expresses the fact 

that K, is a scalar density. The conditions (8) 
now tell us that ¥ is a functional of those com- 
binations of the g,, which are invariant under 
general coordinate transformations, that is, of 
the three eigenvalues of the Riemann tensor 
R®,. at all points of the manifold. 

The remaining problem, which will not be 
discussed here, is to use the last condition (9) to 
eliminate a further degree of freedom. The two 
remaining invariants of R®,., on which ¥ will 
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then depend, will correspond to the two inde- 
pendent states of polarization of a graviton. 





'p. A. M. Dirac, Proc. Roy. Soc. (London) A246, 
326 (1958). 

2p. A. M. Dirac, Proc. Roy. Soc. (London) A246, 
333 (1958). 





PROPOSAL FOR A SOURCE OF 
POLARIZED PROTONS 


A. Abragam and J. M. Winter 
Centre.d’Etudes Nucléaires de Saclay, 
BP2 a Gif-sur-Yvette, 

Seine et Oise, France 
(Received October 29, 1958) 


In a cyclotron, protons are produced by ion- 
izing hydrogen atoms in the center of the magnet 
that is in a strong field where the electron spin 
S and the proton spin [are uncoupled. The com- 
ponent /, of the proton spin along the field is 
then a good quantum number and it is generally 
assumed that it is left unchanged in the process 
of ionization of the hydrogen atoms. If these 
atoms arrive in the ionizing region in states 
where I, has one value only, say + 3, completely 
polarized protons could be available for accele- 
ration. 

The variation of the four energy levels of a 
hydrogen atom as a function of the applied field 
is represented in Fig. 1. 

It is relatively easy to separate in an incoming 
beam of unpolarized hydrogen atoms by a Stern- 
Gerlach experiment those in states a and b from 
those in states c and d, because of the large 
difference in magnetic moment between the two 
groups of states. The further separation by the 
same method of the states a and b, necessary if 
atoms with J, = 2 only, are to be selected, al- 
though feasible, is far more difficult. 

In the present proposal, once a beam of atoms 
distributed with equal populations between the 
states a and 5 has been prepared by a Stern- 
Gerlach device, all the atoms in the state 5 are 
transferred into the state d by means of a radio- 
frequency field H, coswt parallel to the field H,, 
by the adiabatic passage method.’ All proton 
spins are then in the state /, = 3. 

The matrix element for the transition is 


Acoswt =28H,(6|S,z\d) coswt 
=V2 BH, AW[AW? +(28H,)"]" coswt, (1) 
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FIG, 1. Energy levels of a hydrogen atom in an 
applied magnetic field. 


where @ is a Bohr magneton and AW the zero- 
field splitting. A will have an appreciable value 
except if 28H, >> AW. 

The behavior of a system with two energy 
levels Ey and Eq perturbed by a Hamiltonian i, 
such that (0!5,!d) = Acoswt with w in the vicinity 
of (Ey - Eq)/R can be described as that of a 
fictitious spin K = 5 with a gyromagnetic ratio 
y’, placed in a dc field H,' perpendicular to a 
rotating field of amplitude H,’,those quantities 
being defined through 


y'H,’ = &, y'H,’ = A/2. (2) 


The interchange of the populations between the 
states 6 and d corresponds to the reversal of 
the polarization K * of the fictitious spin K. The 
conditions for that reversal are’ 


(1) dH,'/dt <<y'H,"", 
(2) AH,’ =H,’ (in) - H,’ (out) >>#,, 


where H,‘(in) and H,’(out) are the values of the 
fictitious dc field H,’ crossed by the spin K upon 
entering and leaving the radio-frequency region 


of length Ax, with the condition y’H,‘(in)<w<y’H,’ 
(out). Transposed to the real system, these 
conditions become 
a (Ey- Eq _ MEp- Ea) ax 
at h ~ Axh ~~ at 
<< 67 H,?/h?, 





where dx/dt is the mean velocity of hydrogen 
atoms of the order of 2 x10° cm/sec; 


(2) Aw = A(Ep - Eq)/R>>BH,/N. 


The choice of the frequency w and thus of the 
field H,, such that E,(H,) - Eqg(H,) =fhw is a com- 
promise between the necessity to minimize the 
influence of stray fields from the cyclotron and 
to keep an appreciable value for the matrix ele- 
ment (b|S,/d); w = 2400 Mc/sec seems to be 
reasonable. The length Ax being of the same 
order as the radio-frequency wave length \ =12 
cm, if one chooses Aw ~w/100 the two inequality 
conditions (1) and (2) will be satisfied with H, 

= 1 gauss. 

If the populations of the states b and d were 
equalized rather than interchanged by the rf 
field, the resulting proton polarization (/, )/I 
would only be 3. 





'F, Bloch, Phys. Rev. 70, 460 (1946). 





ASYMMETRY IN SCATTERING OF 150-Mev 
POLARIZED PROTONS IN NUCLEAR 
EMULSIONS* 


B. T. Feld and B. C. Maglic 
Physics Department and Laboratory 
for Nuclear Science, 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts 

(Received October 30, 1958) 


The use of a volume of emulsion in the dual 
role of scatterer and detector (with the attendant 
large available solid angle and high angular re- 
solution) appears to contain some unique features 
as a method for measuring the polarization of 
high-energy protons. We have in mind especial- 
ly situations in which the proton beams are of 
low intensity, and/or in which the beam shape is 
unfavorable or poorly known; for example, the 
measurement of proton polarization in 1-)p scat- 
tering, photoproduction and photodisintegration 
reactions, etc. 

Grigor’ev' has observed polarization in the 
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“quasi-elastic” scattering of 570-Mev protons 
and neutrons in nuclear emulsions, and Friedman? 
has extensively investigated the polarization of 
316-Mev protons in scattering, both elastic and 
inelastic. Both investigators found appreciable 
polarization effects at some angles, but the dif- 
ficulty of extracting statistically significant data 
has so far rendered the method of limited use- 
fulness as a polarization analyzer. Thus in such 
experiments, several thousands of hours of 
scanning are needed to measure polarization with 
a relative error in the range 5-10%.? At the 
energies of those experiments, the scattering is 
predominantly inelastic, and the effects corre- 
spondingly smaller and more difficult to interpret. 

In the observations reported below, we have 
succeeded in circumventing some of these dif- 
ficulties. A stack of 600-micron Iford G-5 
emulsion pellicules was exposed to an integrated 
flux of 3x 10° protons/cm? from the Harvard 
Cyclotron.* The protons, of initial energy 149 
+3 Mev, emerged from the cyclotron after scat- 
tering through 15° by an internal carbon target 
and had an initial polarization P,=(72+3)%. By 
decreasing the proton energy to this value, we 
are able to utilize a relatively large range of 
angles in which the scattering is predominantly 
elastic. Our main results to date include the 
following: 

(a) Anew technique for polarization measure- 
ments using nuclear emulsions. The rather 
small background and relatively small angular 
spread in the original beam (<+1°) have permitted 
a new method of scattering analysis. This con- 
sisted simply in measuring the projected angle 
of every proton track at a distance of 23 mm from 
the edge of the emulsion, and comparing the dis- 
tribution with that observed at 3.5 mm from the 
edge. All tracks with the expected grain count 
at the greater distance deviating by >5° from the 
original beam direction were ascribed to a single 
scattering in the emulsion; the 2.5-mm distribu- 
tion provided the (small) background correction, 
as well as the original beam direction. The re- 
sults, shown in Figs. 1 and 2, represent 2410 
scatterings obtained in about 200 hours of scann- 
ing time. 

The measurement has yielded a large degree 
of polarization, with an average P of (0.6+0.06) 
for the scattering between 5° and 12° of protons 
of average energy 135 Mev. Since both P and 
do are quite large in this angular region it will 
be possible to use an “along-the-track” method 
of scanning for scatterings when the beam is not 
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Fig. 1. Angular distribution of proton scattering in 
nuclear emulsion. The solid curves of both figures 
are for Ag plus Br, not taking into account the C and 
O in emulsion, computed by Sternheimer.* The broken 
curve is an estimate, based on the Harwell measure- 
ments [Dickson, Rose, and Salter, Proc. Phys. Soc. 
(London) A68, 361 (1955)] of proton scattering by C 
and O, for emulsion including all of its constituents. 
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Fig. 2. Pus ©. The points, obtained from the ob- 
served right-left asymmetry in the number of scatter- 
ings, have been corrected for the initial beam polariza- 
tion, for angular spread due to multiple scattering, for 
the difference between the projected and space angle of 
scattering, and for an assumed sing azimuthal angular 
dependence of the polarization. The triangles corre- 
spond to our old “along-the-track” measurements. ® 
For the observations above 6°, obtained in this way, we 
have not indicated the very large statistical uncertainty 
(to avoid confusion) ; each of these points is based on 
only 15-20 scatterings. The old observations (triangles) 
required an order-of-magnitude greater observation 
time that the results of our new technique. 
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collimated and the background is appreciable. 
The method will not be useful at lower energies, 
since polarization in the scattering by most 
nuclei falls off sharply at lower energies.‘ It 
will be useful for higher proton energies, how- 
ever, since polarized protons can be slowed 
down to 150 Mev without appreciable depolariza- 
tion.® 

Furthermore, the technique can be applied to 
other elements by comparing the track distribu- 
tion, as observed in the emulsion, with and 
without some scattering material interposed in 
the beam. 

(b) Evidence on the nuclear spin-orbit poten- 
tial. The curves in Figs. 1 and 2 were computed 
by Sternheimer® for Z=41, corresponding to the 
average Z for Ag and Br. These curves indicate 
the possibility of obtaining additional useful in- 
formation concerning the nature of the nuclear 
spin-orbit potential. Indeed, if we consider the 
region below 14°, our experimental points speak 
somewhat in favor of the curves calculated with 
finite imaginary spin-orbit potential.” However, 
since, as pointed out by Bethe, ® it is jw! which 
is responsible for the shape and magnitude of 
polarization, it will be necessary to establish 
the value of the real part before any definite 
conclusions can be drawn concerning the magni- 
tude of the imaginary spin-orbit potential. 

(c) Polarization in small-angle scattering. In 
our first observations, previously reported, ° 
scatterings were observed by following each 
proton track. Since each track had, on the aver- 
age, only a 4% probability of exhibiting a scatter- 
ing before leaving the emulsion, the extraction 
of a statistically significant result required 
lengthy and laborious scanning. These results, 
shown as triangles in Fig. 2, show a negative 
polarization -(0.16+0.10) in the angular region 
of Coulomb scattering, around 2°, 

A negative polarization at small angles is to be 
expected, *'° as a result of interference between 
the (repulsive) Coulomb scattering and the nuclear 
spin-orbit interaction. Relatively crude argu- 
ments would indicate a fairly large effect," al- 
though the more refined computations of Stern- 
heimer® reduce the expected effect below the ex- 
perimental indications. Since our first report on 
the small-angle polarization, ° the Uppsala group’” 
has reported P=-(0.067+0.02) at 2° in oxygen at 
the same energy.** -Although the large uncertain- 
ty makes it difficult to be sure of the magnitude, 
we have additional indications that our observa- 
tions in the “Coulomb region” may represent a 


real effect. This evidence comes from observa- 
tions of asymmetries which develop in the angu- 
lar distribution of the beam in passing through 
the emulsion, as well as from multiple-scatter- 
ing measurements on individual tracks. The in- 
terpretation of such observations is complicated 
by the difficulty of distinguishing between multiple 
and single (or plural) scattering effects in the 
angular region of interest. Work is in progress 
towards the development of methods of observa- 
tion and interpretation appropriate to this angular 
range. 





*Work supported in part by joint program of the 
Office of Naval Research and the U. S. Atomic Energy 
Commission, 

'E. L. Grigor’ev, J. Exptl. Theoret. Phys. 

(U.S. S. R.) 28, 761(1955) . 

?J. Friedman, Phys. Rev. 104, 794 (1956). 

3We are indebted to Professor K. Strauch and R. 
Wilson for their cooperation. 

‘L. Wolfenstein, Annual Review of Nuclear Science, 
(Annual Reviews, Inc., Stanford, 1956), Vol. 6, p. 43. 

*L. Wolfenstein, Phys. Rev. 75, 1665 (1949). 

®R. M, Sternheimer, Phys. Rev. (to be published). 

"W. Heckrotte, Phys. Rev. 101, 1406 (1956). 

8H. A. Bethe, Ann. Phys. 3, 190 (1958). 

°B. C. Maglic and B. T. Feld, Padua-Venice Con- 
ference on Mesons and Recently Discovered Particles 
(Italian Physical Society, Bologna, 1957), p. XVI-1. 

© To our knowledge, the first suggestion came from 
J. Cassels, Proceedings of the Fifth Annual Rochester 
Conference on High-Energy Physics, 1955 ( Inter- 
science Publishers, Inc., New York, 1955), p. 158. 

‘'], e., Born approximation computations of the type 
first suggested by E. Fermi, Nuovo cimento 11, 407 
(1954). 

12 Alphonce, Johansson, and Tibell, Nuclear Phys. 4, 
672 (1957). . 
13 J. Friedman (private communication) also finds 
indications, on closer examination of his published 

data, ? of such an effect. 




















BETA DECAY OF THE At 


Frank S. Crawford, Jr., Marcello Cresti,* 
Myron L. Good, George R. Kalbfleisch, 
M. Lynn Stevenson, and Harold K. Ticho! 
Radiation Laboratory, University of California, 
Berkeley, California 
(Received October 27, 1958) 


In the course of studying a large number of 
decays of hyperons, produced in our hydrogen 
bubble chamber by 1.23-Bev/c pions, we have 
found an unambiguous case of a A undergoing 
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Fig. 1. Photograph of the event. The distance 
from vertex B to vertex C is 5 cm. 


beta decay. To our knowledge this is the first 
leptonic A decay seen.’ 

Figure 1 is a photograph of the event. All of 
the tracks except track 5 lie nearly in the plane 
of the photograph. We believe that the sequence 
of events occurring at the vertices labeled, A, 

B, and C is as follows (the track numbers appear 
in parentheses): 


17(1)+p—-(A)—K°+ 2°, D°=y+A(2), 
A(2) -(B) —p(4) +e7(3) a 
e (3) +e” —(C) -e (3) +e7(5). 


Table I summarizes the measured quantities for 
tracks associated with vertices A and B. Table 
II does the same for vertex C. 

The event was first noticed to be anomalous 
when the neutral decay 2~3 +4 at vertex B failed 
to fit the normal two-body decay of either a K,° 
ora A. In particular, tracks 3 and 4 both lie 
on the “left” side of the extension of track 2, and 
momentum conservation requires an unobserved 
neutral carrying 34.6+8.2 Mev/ momentum 
transverse to the“right, ”and 55+42 Mev/c into 
the plane of the photograph, with respect to track 
hy 

Ionization measurements convince us that 
track 4 is a proton, as follows: Figure 2 shows 
a semilogarithmic plot of the distribution of gap 
lengths between successive bubbles, for tracks 
3 and 4. The ratio of slopes in the unsaturated 
(straight-line) region, where the gap size ex- 
ceeds the average bubble diameter, is 2.65 
+0.32. This should correspond to the ratio of 
(unsaturated) average number of bubbles per 
unit track length.* The predicted ionization 
ratios are as follows: /,(1*)/I,(7~ or e~) = 0.87 
+0.04, * /,(proton) /I,(7~ or e~) =3.4+ 0.6. It is 
clear that track 4 can only be a proton. We 
emphasize that tracks 3 and 4 pass through 


almost exactly the same region of liquid hydrogen, — 


at the same time, so that any possible spatial or 
temporal variation in chamber sensitivity is 
irrelevant. 


378 





Track No.3, 
we (-x/0.232mm) 


Track No.4, 4 
exp (-x/0.087 mm) 


: 


Number of gaps 


Average 
bubble 
diameter 


| 


’ 











025 050 O75 100 125 150 
X, gap length(mm) 


Fig. 2. Distributions of gap lengths between suc- 
cessive bubbles for tracks 3 and 4. 


Analysis of vertex C rules out the possibility 
that track 3 is a pion, and gives roughly 30 to 1 
odds in favor of its being an electron rather than 
a muon, as follows: Track 5 is an electron which 
eventually goes into the top glass. Its minimum 
momentum, based only on its visible range, ‘is: 
3.65+0.1 Mev/c. Curvature measurements give 
3.8+0.8 Mev/c. Microscope measurements show 
that track 3 suffers a deflection at C. Track 5 
extrapolates accurately to the point of deflection 
and is therefore not an accidentally associated 
electron. If track 3 were a 210-Mev/cpion, the 


Table 1. Measured momentum, azimuth, and dip 
for tracks associated with vertices A and B. 








Azimuth, ¢ 
(degrees) 


Dip, A 
(degrees) 


Momentum 


Track (Mev /c) 





-0.03 + 1.6 
8.9 +4.9 
2.5 #1.4 
4.6 +0.8 


1 103.3 +0.3 
2 oes 80.4+0.4 
3 210+20 80.4+( 0.54+0.3) 
4 424450 80.4+(4.9 +1) 


1230 + 20 
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Table Il. Measured momentum, azimuth, and dip for tracks associated with vertex C, along with best-fit values 
for the hypothesis that 3-- 3’+ 5 is an elastic electron-electron collision. 








Dip, A = A3 
(degrees) 


Mpmentum 
(Mev) 


Azimuth, ¢- $3; 


Track ( degrees) 





3, measured 210 + 20 0 0 
3, best fit 210 0 0 


+1.6 + 0.4 
+0.42 


3’, measured 205 + 15 
3’, best fit 207 


- 19.4 + 2.8 


5, measured 


3.8-9,2°° 


5, best fit 3.8 


- 23.0 





maximum momentum it could give a delta-ray 
electron would be 2.8 Mev/c, so that the energy 
alone of track 5 rules out a pion. If one stretches 
all of the measured quantities so as to minimize 
chi square, one obtains a chi square of 44, where 
the “expected” value is 4. If track 3 is either a 
muon or an electron it can furnish the necessary 
energy to track 5 as a delta ray, but in both 
cases there is some difficulty in providing the 
large transverse momentum of 5.9+1.5 Mev/c 
imparted to track 3’. The hypothesis that track 

3 is an electron giving a delta ray at C yields a 
chi square of 11 where 4 is “expected, ” and 
corresponds to a probability of 0.030 for a fit this 
bad or worse. If instead track 3 is a muon, the 
fit is much worse, yielding a chi square mini- 
mum of 20 and a corresponding probability of 
0.001 for a fit this bad or worse.° 

Thus even if the incident pion, track 1, were 
missing we could reasonably conclude that event 
B is a leptonic decay of the A, with about 30 to 1 
odds for beta decay as against muonic decay. 

We next examine the kinematics of the decay 
2-3+4, at B. We find that the beta decay A-p 
+e"+b satisfies energy and momentum conser- 
vation for aA of 650 Mev/c. The electron mo- 
mentum in the A rest frame is 120 Mev/c, or 
about 72% of the allowed maximum momentum. 
A 650-Mev/ A at the observed production angle 
falls in the middle of the allowed region for in - 
direct production via 1~ +p~K°+2°, D°=y+ A. 

On the other hand, the muonic decay A~p 
+u~+D cannot conserve momentum and energy 
using the measured values. If one stretches the 
measured quantities so as to force momentum 
and energy conservation, and at the same time 
minimizes the overall chi square, one obtains a 
chi square of 2.6. The odds against the muonic 
decay mode are thereby increased by at least a 
factor of 10. 


We have so far analyzed 689 A decays. Since 
about 38% of the time a A undergoes neutral de- 
cay, we can infer [0.38/(1-0.38)] x 689=422 ad- 
ditional nonleptonic decays. We estimate that a 
muonic or a beta decay has a 10% chance of 
fitting a normal A decay and so escaping de- 
tection. Therefore we have observed an effect- 
ive 0.9 x689+422=1042 A decays, and found one 
beta decay and zero muonic decays.® The theory 
of Feynman and Gell-Mann predicts 16 x10~° and 
3x107 for the respective probabilities.’ 

We wish to thank Luis W. Alvarez for his in- 
terest and guidance in the associated production 
experiment. We thank J. Don Gow and the bubble 
chamber crew, Hugh Bradner and the scanners, 
and Edward Lofgren and the Bevatron crew for 
the technical assistance which made this experi- 
ment possible. 





‘This work is supported by the U. S. Atomic Energy 
Commission. 

* Present address: Istituto di Fisica, Universita di 
Padova, Padova, Italy. 

Present address: Physics Department, University 
of California at Los Angeles, California. 

An event whose most likely interpretation is =* 
—e*(or yu *)\+nm+v has been observed in nuclear emul- 
sion by J. Hornbostel and E. O. Salant, Phys. Rev. 
102, 502 (1956). 

? If track 1 were not present, the decay at B would 
still be completely incompatible with K,’ decay; a 
normal A decay would fit, however, provided we ne- 
glected the important information obtained from ver- 
tex C. 

* Willis, Fowler, and Rahm, Phys. Rev. 108, 1046 
(1957). 

‘ The relativistic ionization increase for a 210-Mev/c 
electron, as compared to a 210-Mev/ pion, is large- 
ly cancelled by the density effect. 

5 If one invokes a bremsstrahlung emission accom- 
panying the electron-electron scatter, in order to 
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help balance transverse momentum, one obtains only 
a slightly improved fit. 

® Out of 370 effective A decays, zero leptonic decays 
were found in a series of hydrogen and propane bubble 
chamber experiments by Eisler, Plano, Prodell, 
Samios, Schwartz, Steinberger, Conversi, Franzini, 
Manelli, Santangelo, and Silvestrini, Nevis Cyclotron 
Laboratory Report No. 67 (unpublished) . 

"R. P. Feynman and M. Gell-Mann, Phys. Rev. 
109, 193 (1958). 





LEPTONIC DECAYS OF HYPERONS 


Paul Nordin, Jay Orear,* Leonard Reed, 
Arthur H. Rosenfeld, Frank T. Solmitz, 
Horace D. Taft,’ and Robert D. Tripp 

Radiation Laboratory, 
University of California, 
Berkeley, California 
(Received October 28, 1958) 


A few days after learning of the event reported 
in the preceding Letter one of us noticed another 
A beta decay. This second event was found in 
the film taken in the course of an experiment in 
which an electrostatically separated K~ beam’ 
was passed into the Berkeley 15-inch hydrogen 


bubble chamber. 

Our scanners have so far logged ~7000 cases 
of hyperon production, among them almost 2000 
A. A typical A production and decay is shown 
in Fig. 1 (a). The K happened to scatter on a 
proton before coming to rest, where it produced 
a A. In the course of measuring the K-p scatter, 
it was noticed that another event in the same 
picture [Fig. 1 (b)] could not possibly fit the 
common A-production and -decay process; if 
we restrict ourselves to well established par- 
ticles we are forced to the conclusion that a A 
produced by the K” decayed via the process 
A~p+e-+v. The justification of this interpre- 
tation follows: The positive prong of the V must 
be a proton: it has high momentum, is heavily 
ionizing, and comes to rest in the chamber 
without producing any decay particles. The ne- 
gative prong must be an electron, since we can 
show by range, curvature, and ionization that it 
is lighter than a muon. It left the chamber after 
a path length of 15 cm; a » would have had an 
average momentum of at least 52 Mev/c, but 
the measured average momentum was 44 +2 
Mev/c. In addition, careful examination of all 
four views indicates that the negative prong is 
very close to minimum ionization, while a 
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nearly stopping » would be several times mini- 
mum even at the vertex and would saturate 
within a few cm. 

Having established the identity of the charged 
secondaries, we must show that the measured 
momenta and angles are compatible with the 
kinematics of a A produced in K~ capture and 
decaying via A~p+e~+v. Analysis of the decay 
shows that the A had a momentum of 175 +100 
Mev/c. This indeed overlaps the range of mo- 
mentum of A produced in K” capture by protons. 

In order to establish a branching ratio of lep- 
tonic to pionic hyperon decay, one must esti- 
mate in what fraction of the cases one is able to 
distinguish the various modes. On careful ana- 
lysis one can distinguish the leptonic from the 
pionic mode about 90% of the time. (Unfortu- 
nately we have so far analyzed only a small 
fraction of our data.) We also have a finite 
chance of recognizing “obvious” leptonic decays 
before they are measured, as is illustrated by 
the detection of the event described above. How- 
ever, our detection efficiency for these “obvious” 
events depends on the alertness of our scanners 
and is hard to estimate.” 

A summary of the present experimental status 
including the work of other laboratories is pre- 


(b) 


FIG. 1. Normal and f decay of A. In the left-hand 
picture aK scatters on a proton before coming to 
rest and producing aA. The A decays via the nor- 
mal mode, A-p+m~. Notice that the angle of the A 
decay includes the A direction of flight. The A in 
the right-hand picture decays via the leptonic mode, 
A—p+e~+v. Note that the charged secondaries do 
not point back to the K- ending, hence the decay is 
inconsistent with two-body kinematics. Both events 
are from the same bubble-chamber picture. 
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sented in Table I, Rows 1 and 2. The remainder tection of a number of leptonic decays Ment 

of Table I is devoted to comparison of experi- = nDf, where n is the total number of decays 

ment and theory. seen, D is the detection efficiency for leptonic 
The form of the universal Fermi interaction decay, and f is the predicted branching fraction. 

proposed by Feynman and Gell-Mann’ calls for Thus one would expect to find a number of A 

the branching fractions f= rT) /T listed in Row beta decays nDf(A~e) = 24.5, and only two have 


ept 
3 of Table I. For each mode ft predicts the de- been found. Similarly nDf(A— ) = 5 (none 


Table I. Summary of leptonic decay of hyperons. The first two rows give the effective number Morr of decays 
reported by several groups: Meff ="ohg x D(",),, = total number of decays observed, D = chance of distinguishing 
leptonic decay from normal decay). The meaning of the » numbers in parentheses is described in the reference 2. 
Row 3 lists leptonic branching fractions according to the universal interaction of Feynman and Gell-Mann.* They 
calculate only electronic rates; we got mesonic rates by scaling proportionally to phase space. ( Approximation 
good to few percent.) Row 4 gives relative branching fractions f = Viept/T: Viept taken proportional to phase 
space, and [=1/r, where 7 is mean life as listed in report of 1958 Conference on High-Energy Physics at CERN 
(unpublished), p 270 ff. Row 5 lists the “normalized fractions,” (1/1000) (f/f,) representing leptonic fraction of 
decay based on assumption that 1 A per 1000 decays electronically. 








including b 
afer ~ 
decays 


é Mu 





1. Effective number of decays nD: 
K™ + p (bubble chamber) 7 230 (935) 69 (323) 48 (175) 


Assoc. production, Berkeley® 1042 66 

Assoc. production, Brookhaven® 62 

K + p, emulsion, Berkeley! 14 

K~ +p, emulsion, Livermore® 5 
Total 216 

2. Leptonic decays reported 2h "’ o 

3. Leptonic fractions f from F and G-M® 1.6% 5.6% 2. 5% 


4. Relative fractions f/f(A—e) based on 
relative phase space : $3.7 


5. “ Normalized leptonic fractions” 


assuming 1 A per 1000 decays 
electronically 1/1000 1/6000 1/270 1/590 1/680 1/1590 





8See reference 3. 
A are quoted as if the mode A--n+r1° were directly observed. In many cases it has been easier to compute 
ny by dividing the )+1~ decays by the branching fraction 0.63. 
This includes the data given by Alvarez, Bradner, et al., University of California Radiation Laboratory 
Report UCRL-3775, July, 1957 (unpublished). 
Crawford, Cresti, Good, Kalbfleisch, Stevenson, and Ticho, preceding Letter [Phys. Rev. Lett. 1, p. 377 
(1958)]. 2 
Eisler et al., Nevis Cyclotron Laboratory Report No. 67, June, 1958 (unpublished). 
Barkas et al., University of California Radiation Laboratory Report UCRL-8372, June, 1958 (unpublished); 
also private communication from John N. Dyer. 
SFreden, Gilbert, and White (private communication). 
“One event comes from the experiment described above,@ one from this experiment. 
‘J, Hornbostel and E. O. Salant, Phys. Rev. 102, 502 (1956). The decay is most likely £*—-e*, but could 
also be *--p*, Five normal decays were reported, but they cannot be included in Row 1 because no leptonic 
detection efficiency D is reported. 





VOLUME 1, NUMBER 10 


PHYSICAL REVIEW LETTERS 


NoveEMBER 15, 1958 





found), nDf(Z°—e") =11.2, nDf(Z°-w) = 5.4 
(at most one £°~e™ or » found). Thus a total 
of 41 events are predicted, and at most three 
have been found. 

Without recourse to a specific theory one can 
interrelate the data by introducing the hypotheses 
that all hyperons are coupled to lepton pairs 
with roughly the same strength and that the 
matrix elements are energy-insensitive. The 
leptonic decay rates I).,,; are then proportional 
to phase space, and the Grenching fractions f 
are proportional to I\,,4/I, where I is the 
total experimental decay rate. Row 4 of the 
table gives the relative branching fractions 
f/f(Ae). For ease in comparison with the ex- 
perimental totals we also list, in Row 5, the 
“normalized fractions” (1/1000)f(A~e) which 
represent the leptonic fraction of decay based 
on the observation that on the order of one A 
per thousand decays electronically and the as- 
sumption that the rates are proportional to 
phase space. 

We conclude, by comparing these “normal- 
ized fractions” with the experimental totals and 
the three observed events, that there is as yet 
no evidence against the hypothesis that hyperon 
leptonic decay rates are proportional to phase 
space but that the absolute rate seems lower 
than predicted by Feynman and Gell-Mann. 

We wish to thank Luis W. Alvarez, Hugh 
Bradner, J. Donald Gow, and all the rest of our 
group for their help and support. 





"Now at Cornell University, Ithaca, New York. 

Ton leave from Yale University, New Haven, 
Connecticut. 

' Horwitz, Murray, Ross, and Tripp, University of 
California Radiation Laboratory Report UCRL-8296, 
June, 1958 (unpublished). 

24 certain fraction of the muonic decays should be 


quite striking. If the y is of sufficiently low momen- 
tum (< 60 Mev/c), it will come to rest in the chamber 
and exhibit the characteristic y*—-e* decay. If we 
assume that the y-momentum spectrum is propor- 
tional to phase space, we find that about 1/3 of the p 
from A—y (and 1/10 from =*--p*) should come to 
rest in our chamber. If our scanners were 100% 
efficient in detecting these stopping », our number of 
effective events should be increased by the numbers 
given in parentheses in Table I. An event in which a 
low-energy electron is emitted or which clearly does 
not fit two-body kinematics [like the event in Fig. 1 
(b)] may also be recognized on inspection, but we 
omit them from further consideration because they 
would in general not be so striking as stopping p. 

3R. P. Feynman and M. Gell-Mann, Phys. Rev. 
109, 193 (1958). 





ERRATA 


OPTICAL PROPERTIES OF CRYSTALLINE 
BORON. W. G. Spitzer and W. Kaiser [| Phys. 
Rev. Lett. 1, 230 (1958)]. 


The following errors on page 232 are to be 
noted: In line 10, hv>1.2 ev should be hy >1.5 ev; 
in line 13, 0.6 <hv < 1.2 ev should be 0.65 hv 
< 1.5 ev. 


CHANGES IN 1955 ATOMIC CONSTANTS OCCA- 
SIONED BY REVISION OF y,/u,. E. Richard 
Cohen and Jesse W. M. DuMond [Phys. Rev. Lett. 
1, 291 (1958) ]. 


In Table I, the line which now reads 
h = 6.62391 x10~*" erg sec 
should in fact read 
h = 6.62491 x10?" erg sec. 





ANNOUNCEMENT 


This is a further reminder that the period of free subscription to 
PHYSICAL REVIEW LETTERS for all subscribers to THE PHYS- 
ICAL REVIEW will end with Volume 1, Number 12 of this Journal 
(issue of December 15, 1958). Thereafter, a charge will be made 
in accordance with the schedule on the masthead page. 

Subscriptions are handled by the American Institute of Physics. 
Persons who have not yet returned the Institute’s billing form may 
simply mark “N” in the appropriate box, and recompute their charges 
accordingly. For the benefit of those who returned the form without 
noticing that such positive action is required, we have inserted in 
this issue a supplementary order form. 
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ABSTRACTS 


In this section are printed the abstracts of Articles that have 
been forwarded to The American Institute of Physics for publi- 
cation in THE PHYSICAL REVIEW. In quoting information 
obtained from this section before the appearance of the corre 
sponding Article, reference should be made to “Physical Revieu 
(to be published)” rather than to this Journal. 











APPROACH TO EQUILIBRIUM. B. A. Green, 
Metals Research Laboratories, Electro Metal- 
lurgical Company, Niagara Falls, New York 
(Received July 28, 1958). 


Frisch has shown that certain properties of 
certain isolated physical systems approach equi- 
librium values in time. The present paper 
strengthens Frisch’s result by showing that under 
the same conditions all observable properties, 
including a suitably defined phase density function, 
approach equilibrium values in time. 


STATISTICAL MECHANICS OF COUPLED 
PARTICLES IN THE SCHRODINGER REPRE- 
SENTATION. Robert H. Kraichnan, Institute of 
Mathematical Sciences, New York University, 


New York, New York(Received July 31, 1958). 


A perturbation treatment is presented for the 
operator u(t) giving the evolution of the state 
vector of a system of N particles coupled by two- 
body forces. The total Hamiltonian is divided 
into a diagonal part H, and off-diagonal part H, 
in the representation with N-particle plane-wave 
states as basis. An effective pair- interaction 
operator H, is defined which includes “vertex” 
corrections of all orders, and the off-diagonal 
part of u is expressed exactly by an expansion 
which involves only H, and the exact diagonal 
part of u. A closed set of equations determining 
H, and the diagonal part of u are obtained by re- 
taining only the leading terms in the expansion. 
These equations include all the corrections in- 
cluded in the Brueckner approximation and, in 
addition, they contain three-body effects, iter- 
ated to all orders, which are omitted in that ap- 
proximation. No one-to-one correspondence 
between the eigenstates of H, and those of the 
total Hamiltonian is appealed to, and the ground 
state plays no special role. The connection with 
statistical mechanics follows from the fact that 
the partition function is Tr [u(-i/k7)]. The 
theory simplifies greatly for very large N. 


STATISTICAL MECHANICS OF COUPLED 
BOSONS IN THE HEISENBERG REPRESENTA- 
TION. Robert H. Kraichnan, Institute of Mathe- 
matical Sciences, New York University, New 
York, New York (Received July 25, 1958). 


A system of bosons interacting by two-body 
forces is treated in momentum space in the 
Heisenberg representation, assuming a statisti- 
cally homogeneous and stationary state. The 
principle of weak statistical dependence of differ- 
ent momentum modes, previously applied to tur- 
bulence dynamics,. is used to obtain an exact 
expansion expressing quadrilinear (two-body) 
time-displaced correlation functions of the sec- 
ond-quantized field variables in terms of biline- 
ar time-displaced correlation functions and av- 
erage impulse-response functions. The last- 
named functions are defined in terms of the ex- 
act Green’s operator, for infinitesimal sources, 
of the nonlinear Heisenberg equations of motion. 
A set of coupled integral equations are then ob- 
tained which determine both the bilinear correla- 
tion functions and the response functions. By 
retaining in these equations only the lowest terms 
in the above expansion, a theory is obtained 
which includes particle “self-energy” interactions 
with the medium to all orders. A modification 
of the theory is briefly outlined which includes, 
at finite temperatures, all the processes de- 
scribed at absolute zero by the Brueckner ap- 
proximation and, in addition, three-body effects, 
iterated to all orders, which are omitted in that 
approximation. 


ANGULAR MOMENTUM OF LIQUID HELIUM. 
R. H. Walmsley* and C. T. Lane, Department of 
Physics, Yale University, New Haven, Connect- 
icut (Received July 25, 1958). 


The difference in the angular momentum of 
liquid helium between an initial state in equili- 
brium with a steadily rotating cylindrical con- 
tainer and a final state with the container at rest 
has been measured both in He I and He II. If we 
denote this quantity by L and the corresponding 
value for solid body rotation of the liquid by L, 
then L/L c=i for all temperatures and speeds 
used in the He I phase. In the He II region, how- 
ever, and for speeds less than about 1 rad/sec, 
L/ L,, decreases monotonically from unity with 
decreasing initial angular velocity of the con- 
taining vessel apparently approaching the ratio 
p,,/p as the initial angular velocity approaches 
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zero. The results are compared with the 
Onsager- Feynman vortex model for He II and it 
is argued that concordance can only be obtained 
provided that macroscopic rotational states of 
long lifetime can be shown to exist in this theory. 


“Present address: Department of Physics, Univer- 
sity of Pennsylvania, Philadelphia, Pennsylvania. 


SUPRATHERMAL PARTICLES. Il. E. N. Parker 
and D. A. Tidman, The Enrico Fermi Institute 
for Nuclear Studies and the Department of 
Physics, The University of Chicago, Chicago, 
Illinois (Received May 19, 1958). 


The production of suprathermal particles in 
agitated plasma bearing magnetic fields was 
discussed in a previous paper. Here we consider 
more refined models for the magnetic fields in 
the plasma and suggest that experiments be done 
to study this phenomenon. 


POLARIZATION NEAR THE HIGH-FREQUENCY 
LIMIT OF 500-kev BREMSSTRAHLUNG. J. W. 
Motz and R. C. Placious, National Bureau of 
Standards, Washington, D. C. (Received July 17, 
1958). 


The angular dependence of the linear polariza- 
tion near the high-frequency limit of the brems- 
strahlung spectrum for 500-kev electrons has 
been measured with a polarimeter that depends 
on the polarization sensitivity of the Compton 
process. The results confirm the polarization 
reversal predicted at large angles by the Gluck- 
stern-Hull-Breit calculations, and are consist- 
ent with the reversal found in the photoelectric 
measurements of McMaster and Hereford. 


BEAM- PLASMA INTERACTION. D. W. Mahaffey, 
G. McCullagh, and K. G. Emeleus, Queen’s Uni- 
versity, Belfast, Northern Ireland (Received 
July 29, 1958). 


Measurements have been made of plasma elec- 
tron concentration and oscillation intensity 
through some inhomogeneous low-pressure hot- 
cathode discharges traversed by electron beams. 
A strong tendency has been found for oscillations 
to grow in amplitude when a beam moves down a 
plasma concentration gradient, and to die out 
when a beam moves up a gradient. 
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EXPERIMENTAL RANGE OF PROTONS IN Al. 
Hans Bichsel,* The Rice Institute, Houston, 
Texas (Received July 31, 1958). 


The ranges of protons of 1 to 6 Mev in Al have 
been determined experimentally. Combining 
these results with earlier experimental data, the 
range can be represented by the following ana- 
lytic functions: 


for 1 < E<2.7 Mev, R=3.837E"°*" 
for 2.7< E<20 Mev, R=2.837E*/(0.68 +1log,,£) 


with E in Mev and R in mg/cm’. A tentative 
comparison with the theory of stopping power 
was made. The neutron thresholds for proton 
bombardment of C**, F’* and Na** were obtained 
as an incidental result. 


"Now at the University of Washington, Seattle, 
Washington. 


ELECTRON WAVE FUNCTIONS IN METALLIC 
CESIUM. Joseph Callaway, Department of 
Physics, University of Miami, Coral Gables, 
Florida (Received July 17, 1958). 


Wave functions to order # are presented for 
electrons in metallic cesium. The calculation 
is an application of the cellular method toa 
potential adapted from previous work of Stern- 
heimer. 


MAGNETIC STRUCTURE AND VACANCY DIS- 
TRIBUTION IN y-Fe,0, BY NEUTRON DIFFRAC - 
TION. G. A. Ferguson, Jr., and M. Hass, Uni- 
ted States Naval Research Laboratory, Wash- 
ington, D. C. (Received July 28, 1958). 


The neutron diffraction pattern of y-Fe,O, 
indicates a cubic defect spinel structure with 
vacancies located at octahedral lattice sites. 


MAGNETOCRYSTALLINE ANISOTROPY CON- 
STANTS OF IRON AT ROOM TEMPERATURE 
AND BELOW. C. D. Graham, Jr., General Elec- 
tric Research Laboratory, Schenectady, New 
York (Received July 31, 1958). 


The anisotropy constants of iron have been 
determined from torque measurements of a 
[ 100} single-crystal disk in fields up to 15000 
oersteds or higher and at temperatures of 77, 
195, and 300°K. The values of K, at the three 
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temperatures are (520+ 10) x 103 (505+10) x10°, 
and (480 +10) x10° ergs/cm’; the value of K, at 

all three temperatures is (0 +50) 10° ergs/cm’*. 
The anisotropy decreases as the fourth power of 
the saturation magnetization over the temperature 
range studied. 


LOW-ENERGY SPUTTERING YIELDS IN Hg. 
Gottfried K. Wehner, Mechanical Division of 
General Mills, Incorporated, Minneapolis, 
Minnesota (Received July 31, 1958). 


Further data on sputtering yields for normally 
incident Hg*-ion bombardment in the energy 
range of 50 to 400 ev have been collected. Ex- 
perimental data are used to determine the in- 
fluence of atomic weight and heat of sublimation 
of the target material and to establish an empir- 
ical sputtering relation. Results provide strong 
support for a picture of sputtering which might 
be termed “playing three-dimensional billiards 
with atoms.” The degree of filling of the inner 


shells, especially the d shells, determines how 
closely collisions approximate hard-sphere col- 
lisions. Energy is transferred most efficiently 
in metals with completely filled d shells. Ac- 
cordingly, Cu, Ag and Au have the highest 
sputtering yields. Results for Hg*-ion bombard- 


ment support theories developed by Langberg 
and by Silsbee but disagree with a theory pub- 
lished by Henschke. Conditions may be different, 
however, for the case of bombardment with light 
ions such as hydrogen or helium. 

The sputtering yields of alloys do not seem to 
differ substantially from those of their main con- 
stituents. 


ANTIFERROMAGNETIC PROPERTIES OF THE 
IRON GROUP TRIFLUORIDES. E. O. Wollan, 

H. R. Child, W. C. Koehler, and M. K. Wilkin- 
son, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (Received July 24, 1958). 


A neutron diffraction study has been made of 
the trifluorides of 3d transition group elements. 
The arrangement of the magnetic ions and the 
anions in these trifluorides is similar to that in 
the compounds LaMO, for which the antiferro- 
magnetic properties have been studied earlier. 
No antiferromagnetic transition was observed 
in VF,. In the compounds CrF,, FeF,, and 
CoF, the magnetic ions are observed to couple 
antiferromagnetically via the intervening anion 
to each of their six nearest neighbors. This is 


the same structure as that found in the com- 
pounds LaCrO, and LaFeO,. In the trifluorides 
the distortions from cubic symmetry have made 
it possible to determine the orientation of the 
spin moments relative to the crystallographic 
axes and in one case (CrF,) the antiferromag- 
netic domain properties have been studied with 
magnetic fields applied to the sample. In MnF, 
an antiferromagnetic layer structure is found 
of the type previously observed for LaMnQ,. 
The indirect magnetic coupling in these com- 
pounds is correlated with the orbitals which re- 
sult from the splitting of the d levels by the 
crystalline field. 


ELECTRON PARAMAGNETIC RESONANCE OF 
MANGANESE (II) IN HEXAGONAL ZINC OXIDE 
AND CADMIUM SULFIDE SINGLE CRYSTALS. 
Paul B. Dorain, Aeronautical Research Labora- 
tory, Wright-Patterson Air Force Base, Ohio 
(Received July 31, 1958). 


The electron paramagnetic resonance of Mn** 
in hexagonal ZnO and CdS single crystals has 
been observed. The values of the crystal field 
parameters were obtained from the spectra and 
the signs of the parameters were determined 
from the temperature dependence of the intensi- 
ties of the peaks. In addition to the expected 
thirty resonances for Mn** in CdS, superhyper- 
fine splittings of each peak were observed which 
result from an interaction of the Mn** electrons 
with the nearest-neighbor cadmium nuclei. 


OPTICAL PROPERTIES OF ALKALI HALIDES 
CONTAINING HYDROXYL IONS. H. W. Etzel 
and D. A. Patterson, United States Naval Re-— 
search Laboratory, Washington, D. C. (Re- 
ceived July 28, 1958). 


The optical absorption spectra of single crys- 
tals of sodium chloride, potassium chloride, 
and potassium bromide from various sources 
(Harshaw, Optovac, and NRL) have been meas- 
ured from the visible region to the fundamental 
edge. Bands are found at 185 muin NaCl, at 
204 muin KCl, and at 214 muin KBr. The 
positions of the bands satisty an Ivey relation, 
dh = 691d°°*. These bands are associated with 
the presence of hydroxyl ions in the lattice. 
When NaCl is additively colored, a hydride ion 
absorption (U band) appears which is propor- 
tional to the 185-my band absorption in the crys- 
tal before coloration. The F band produced in 
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NaCl and KCl by ionizing radiation is also pro- 
portional to the initial hydroxyl ion band absorp- 
tion. It is found that the hydroxyl ion absorption 
band can be removed by the addition of certain 
impurities to the melt. 


MECHANICAL RESONANCE DISPERSION IN 
SINGLE CRYSTALS. Edwin R. Fitzgerald, The 
Pennsylvania State University, University Park, 
Pennsylvania (Received July 21, 1958). 


Single crystals of sodium chloride, copper 
sulfate, and Rochelle salt exhibit sharp reso- 
nance dispersions in dynamic shear compliance 
in the range from 100 to 5000 cps. The reso- 
nances are similar to those previously reported 
for polycrystalline metals, crystalline polymers, 
fused quartz, and single crystals of quartz. The 
data can be analyzed and fitted closely by means 
of a generalized stress-strain relation involving 
a linear combination of the strain and its first 
and second time derivatives. Inclusion of the 
third derivative leads to an antidissipative term 
which can be used to account qualitatively for a 
negative absorption or induced emission ob- 
served over a narrow frequency range in sodium 
chloride. The negative absorption seems to be 
connected with static clamping stresses applied 
to the sample, decreases slowly with time, and 
can be reactivated by restressing. The results 
in general are consistent with a tentative ex- 
planation which assumes the resonances corres- 
pond to exchange frequencies for energy passing 
back and forth among only a few of the available 
modes of vibration of the crystal lattice. 


RADIATION-INDUCED CHANGES OF DIMEN- 
SIONS, INDEX OF REFRACTION, AND DIS- 
PERSION OF LITHIUM FLUORIDE. William 
Primak, Argonne National Laboratory, Lemont, 
Illinois (Received April 28, 1958). 


Deuteron, electron, gamma-ray, and x-ray 
irradiated specimens were examined by a photo- 
elastic method and by interferometric methods. 
In addition to the increase in physical dimen- 
sions, there were found an increase in refrac- 
tive index and an increase in dispersion, and 
these were measured. The results agree with 
the classical dispersion formulas if it is as- 
sumed that the effects are caused by a change in 
the refractivity of the base material due to the 
introduction of vacancies and holes and a change 
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in the refractivity due to the F centers and the 
450-centers, the size of the vacancies being 
about that of the absent ions and the oscillator 
strength of the F centers being near unity. 


ELASTIC CONSTANTS OF a-BRASSES. ROOM- 
TEMPERATURE VARIATION WITH SOLUTE 
CONCENTRATION. John A. Rayne, Westing- 
house Research Laboratories, Pittsburgh, 
Pennsylvania (Received July 31, 1958). 


Room-temperature elastic constant meas- 
urements have been made on a representative 
series of a-brasses. The variation with solute 
concentration of the shear constant C suggests 
that there is an appreciable contribution to it re- 
sulting from the onset of overlap between the 
Fermi surface and the {111} faces of the Brillouin 
zone. There is reasonable agreement between 
the experimentally determined magnitude of this 
contribution and that predicted from theory. Ac- 
cording to the latter, there should be no corre- 
sponding contribution to the shear constant C’, 
which prediction appears to be in accordance 
with experiment. 


NEW SOLUBLE ENERGY BAND PROBLEM. 
Frederick L. Scarf, Department of Physics, 
University of Washington, Seattle, Washington 
(Received July 24, 1958). 


The Schrédinger equation for V(x) =-V,csc*(7 
x x/a) is solved. E(k) and the effective mass are 
examined along with the wave functions for vari- 
ous values of the parameter (V,a’). It is found 
that the wave functions have intermediate forms 
even when m*=m, m*=«, and that the weak- 
and tight-binding approximations are not valid 
in these regions. 


FUNDAMENTAL OPTICAL ABSORPTION IN 
MAGNESIUM OXIDE. Gilbert H. Reiling™ and 
Eugene B. Hensley, Department of Physics, 
University of Missouri, Columbia, Missouri 
(Received July 28, 1958). 


The optical absorption and reflectivity of sin- 
gle crystals of MgO and the optical absorption 
of thin films of MgO, both supported by a LiF 
substrate and unsupported, have been measured 
in the energy range from 6 ev to 13.5 ev. Ab- 
sorption peaks due to impurities were observed 
at 6.0 ev, 6.3 ev,and 6.9 ev. The room tempera- 
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ture fundamental absorption and reflectivity 
spectra are interpreted in terms of an exciton 
peak at 7.6 ev with a probable second peak at 
8.8 ev. Some evidence is present for additional 
exciton structure on the low energy side of the 
first peak. The width of the forbidden energy 
band in MgO is estimated to be about 8.7 ev. 
The effects of temperature and internal strains 
on the absorption spectra are discussed. 


“Now at General Electric Company, Schenectady, 
New York. 


ATOMIC FORCE CONSTANTS OF COPPER 
FROM FEYNMAN’S THEOREM. Harrison C. 
White, * Solid State and Molecular Theory Group, 
Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts (Received March 31, 
1958). 


In the Born-Oppenheimer approximation, atom- 
ic force constants determine the elastic and vi- 
brational behavior of crystals for small nuclear 
displacements. In this paper the first- through 
third-neighbor force constants in the copper 
crystal are found as the components of the 
change in force produced on the nuclei when in 
equilibrium positions by the infinitesimal unit 
displacements of one nucleus. By Feynman’s 
theorem, quantum mechanical forces can be 
calculated directly from the electronic and nu- 
clear charge distribution by Coulomb’s law. The 
Slater-Koster formalism developed for localized 
perturbations in crystals is used to find the 
change in conduction-electron charge density re- 
sulting from the infinitesimal unit displacement 
of a nucleus. Free-electron wave functions are 
used, and most of the perturbation energy ma- 
trix elements are neglected. Calculations are 
made for small crystals with up to 2048 atoms 
and two different shapes (Born- Von Karman 
boundary conditions). First-order perturbation 
theory gives exact results for atomic force con- 
stants. An approximate Thomas- Fermi calcula- 
tion is also carried out for the perturbation in 
conduction electron density and simple approxi- 
mations of this perturbation are discussed. The 
ion cores are assumed to move nearly rigidly, 
and their closed-shell repulsion is chosen so 
that the calculated atomic force constants lead 
to the values of the elastic constants found ex- 
perimentally. The nine calculated atomic force 
constants are quite different from the values 


Jacobsen inferred from thermal diffuse x-ray 
scattering from a copper crystal. 


“Present address: Graduate School of Industrial 
Administration, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania. 


SPECIFIC HEAT OF GALLIUM AND ZINC IN 
THE NORMAL AND SUPERCONDUCTING 
STATES. G. Seidel and P. H. Keesom, Depart- 
ment of Physics, Purdue University, Lafayette, 
Indiana (Received June 19, 1958). 


By using a He* cryostat, the specific heat of 
gallium has been measured between 0.35°K and 
4.3°K, and of zinc between 0.42°K and 4.2°K. 
Measurements on Ga in the normal state indi- 
cate that the coefficient of the electronic heat, 
y, is 0.601 millijoule/mole (°K)? while the 
Debye characteristic temperature @ at 0°K is 
317°K. For Zn, y = 0.640 millijoule/mole (°K)’; 
6 = 309°K. The electronic specific heat in the 
superconducting state, C,,, for both metals for 
T well below the transition temperature, T,, 
can be represented by the expression C,, 
= ayTpe c For Ga, T; = 1.087°K, a 
= 7.0, and 6 =1.35. The zinc sample measured 
has a broad transition, 7, taken as 0.852°K. 
Also for Zn, a = 6.4 and 6 =1.27. The magnetic 
threshold field curves are calculated from these 
specific heat results. The critical field at 0°K 
for Ga is 59.4 gauss and for Zn, 53.4 gauss. 

In comparing these measurements with the 
calorimetric results of other superconductors a 
definite variation is noted in the parameters a, 
b, (Cag - Cen)/7T¢ at Te, and yTc?/VmH,’. 
There appears to be a correlation between the 
magnitudes of these quantities and the transition 
temperature. 


COLLISIONS OF ELECTRONS WITH HYDRO- 
GEN ATOMS. I. IONIZATION. Wade L. Fite 
and R. T. Brackmann, John Jay Hopkins Labora- 
tory for Pure and Applied Science, General 
Atomic Division of General Dynamics Corpora- 
tion, San Diego, California (Received May 12, 
1958). 


The cross section for ionization of the hydro- 
gen atom on electron impact has been measured 
as a function of electron energy. A modulated 
beam of atoms and molecules in varying propor- 
tions, taken from a furnace, is crossed by a dc 
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electron beam, and the positive ions formed are 
taken into a mass spectrometer. By using such 
modulation techniques, the ions formed by ioni- 
zation of the beam are distinguished from the 
much larger number of ions formed by collisions 
of electrons with the residual gas in the vacuum 
chamber. From the study of the mass-spectro- 
meter peak strengths as a function of tempera- 
ture with constant gas flow, the ratio of the 
cross sections for ionization of the atom and the 
molecule is directly determined. The absolute 
atomic cross sections, determined by multiply- 
ing this ratio by the known molecular cross sec- 
tions, are cross-checked by taking relative 
cross sections for the atom. Complete agree- 
ment with the first Born approximation is found 
only above about 250 ev. Deviations of experi- 
ment from theory at lower energies are as pre- 
dicted qualitatively by theory. 


COLLISIONS OF ELECTRONS WITH HYDRO- 
GEN ATOMS. II. EXCITATION OF LYMAN- 
ALPHA RADIATION. Wade L. Fite and R. T. 
Brackmann, John Jay Hopkins Laboratory for 
Pure and Applied Science, General Atomic Divi- 
sion of General Dynamics Corporation, San 


Diego, California (Received May 12, 1958). 


The cross section for excitation of Lyman- 
alpha radiation in electron-hydrogen atom colli- 
sions has been measured as a function of elec- 
tron energy. The measurement is made by ob- 
serving Lyman-alpha photons with an iodine- 
vapor-filled photon counter. A relative cross 
section curve is normalized to fit the Born ap- 
proximation for high electron energies. The ex- 
periment utilizes a 100-cps-modulated atomic 
beam whose purity in hydrogen-atom content is 
determined by ionization and mass analysis. A 
dc electron beam crosses the modulated ground- 
state atomic beam. The photon counter, which 
looks at the interaction region, has its output 
passed through a tuned amplifier and phase-sen- 
sitive detection system. Although this treatment 
of the counter output as an ac current (in which 
the quantum of charge is that of a Geiger-Miiller 
pulse) introduces some unique noise problems, 
it satisfactorily separates the photons which 
arise from the interaction under study from those 
which arise from other processes (e.g., electron 
collisions with the residual gas in the high-vac- 
uum chamber). 

Some implications of the measured excitation 


388 


cross section for scattering theory are dis- 
cussed. 


COLLISIONS OF ELECTRONS WITH HYDROGEN 
ATOMS. III. ELASTIC SCATTERING. R. T. Brack- 
mann and Wade L. Fite, John J. Hopkins Labora- 
tory for Pure and Applied Science, General 
Atomic Division of General Dynamics Corpora- 
tion, San Diego, California, and Roy H. Neynaber, 
Convair Division of General Dynamics Corpora- 
tion, San Diego, California (Received May 12, 
1958). 


The cross section for elastic scattering of 
electrons of less than 10-ev energy by free 
hydrogen atoms has been measured. The experi- 
mental approach was similar to that used by 
Bederson, Malamud, and Hammer in that a de 
electron beam crossed an atomic hydrogen beam, 
which was chopped at a low frequency, and the 
signal was derived from the electrons scattered 
by the particles in the neutral beam. The elec- 
trons scattered by the beam were identified by 
their signal’s appearing at the modulation fre- 
quency and at a specified phase. Direct mea- 
surements of the ratio of cross sections of the 
hydrogen atom and the molecule were made, and 
absolute values for the atomic cross section 
were obtained from knowledge of the absolute 
molecular cross section. The experimental re- 
sults agree with theory. 


CHARGE EXCHANGE IN PROTON -HYDROGEN- 
ATOM COLLISIONS. Wade L. Fite, R. Theodore 
Brackman, and William R. Snow, John Jay Hop- 
kins Laboratory for Pure and Applied Science, 
General Atomic, San Diego, California (Received 
July 28, 1958). 


The charge-exchange cross sections for the re- 
actions +H ~H +p and H,* +H ~H, +p have been 
examined over the energy range 200 to 14000 ev. 
In the experiment a dc fast-ion beam crossed a 
slow atomic hydrogen beam which was chopped at 
100 cps. The desired signal thus was separable 
from the much larger signal arising from inter- 
action of the ions with the residual gas in the 
vacuum chamber, because the signal arising 
from the interaction of the two beams occurred 
at the chopping frequency and in a specified 
phase. The signals used were the saturated 
slow-ion currents, recorded at a detector which 
did not discriminate the ion mass, and the slow- 
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ion currents after mass analysis. The measured 
values at high energies agree very satisfactorily 
with the Born approximation calculations by Bates 
and Dalgarno, and at low energies with calcula- 
tions by Dalgarno and Yadav using the method of 
perturbed stationary states. Experimental com- 
parison of cross sections of proton and deuteron 
collisions is presented. 


K SERIES X-RAY WAVE LENGTHS IN RARE 
EARTH ELEMENTS. E. L. Chupp, J. W. M. 
DuMond,” F. J. Gordon, R. C. Jopson, and Hans 
Mark, tf Radiation Laboratory, University of 
California, Livermore, California (Received 
July 21, 1958). 


The AK series x-rays in ten rare earth elements 
have been studied with a two-meter radius bent 
quartz crystal spectrograph. The 3.7-Mev pro- 
ton beam of the A-48 accelerator (UCRL, Liver- 
more) was used to produce the atomic excita- 
tions. The wave lengths obtained for the Kj,, 
Kop, Kj, and K3, lines are compared with pre- 
vious wavelength measurements. Two weaker 
transitions, K3, and KOyyOyy, were also ob- 
served and the energies are compared to ener- 
gies obtained from tables of known atomic ener- 


gy levels. 


*California Institute of Technology, Pasadena, 
California. 

Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 


ELEC TRON-SPIN RESONANCE OF ATOMIC 
AND MOLECULAR FREE RADICALS TRAPPED 
AT LIQUID HELIUM TEMPERATURE. C. K. 
Jen, S. N. Foner, E. L. Cochran, and V. A. Bo- 
wers, Applied Physics Laboratory, The Johns 
Hopkins University, Silver Spring, Maryland 
(Received June 17, 1958). 


Electron-spin resonance spectra of H, D, N, 
and CH, trapped in solid matrices at liquid heli- 
um temperature have been observed and inter- 
preted. The effect of the matrix field on the re- 
sonance properties of the radicals has been in- 
vestigated by depositing the radicals in matrices 
with different binding energies. The effect of the 
matrix on the g factor is extremely small in all 
cases. The deviation of the hyperfine coupling 
constant from the free-state value increases in 
a systematic way with increase in binding energy 
of the matrix, the percentage deviations being 


small for H, D, and CH, but rather large for the 
case of N. The widths and shapes of the spec- 
tral lines are discussed in terms of dipolar 
broadening, spin-lattice relaxation, anisotropic 
broadening, rate of passage, and the modulation 
parameters used for observation. 

Complex spectra, not adequately identified, 
have been observed from discharges in hydrogen 
and hydrogen-oxygen systems. Deductive evi- 
dence for an HO, resonance spectrum is pre- 
sented. 

The stable molecular free radicals O,, NO, 
and NO, have been studied. Only NO, yielded a 
positive result. Resonances for oxygen and 
chlorine atoms have been sought but not observed. 
It is suggested that radical species with orbital 
angular momenta may escape spin-resonance 
observation because of matrix field anisotropy 
and that radical species with an even number of 
electrons may be unobservable because of crys- 
talline field splitting resulting in a singlet 
ground level. 


GROUND STATE OF TWO-ELECTRON ATOMS. 
C. L. Pekeris, Department of Applied Mathe- 
matics, The Weizmann Institute, Rehovot, 
Israel (Received July 28, 1958). 


A new method is developed for solving the wave 
equation for two-electron atoms. The wave func- 
tion is expanded into a triple orthogonal set in 
three perimetric coordinates. From the wave 
equation one obtains an explicit recursion rela- 
tion for the coefficients in the expansion, and the 
vanishing of the determinant of these coefficients 
provides the condition for the energy eigenvalues 
and for the eigenvectors. The determinant was 
solved on WEIZAC for Z = 1 to 10, using an iter- 
ation method. Since the elements of the determi- 
nant are integers, and only an average of about 
20 per row are non-vanishing, it has been possi- 
ble to go to an order of 214 before exceeding the 
capacity of the fast memory of WEIZAC. The 
nonrelativistic energy eigenvalues obtained for 
the ground state are lower than any previously 
published for all Z from 1 to 10. In the case of 
helium, our nonrelativistic energy value is accu- 
rate to within 0.01 cm~' and is 0.40 cm™ lower 
than the value computed by Kinoshita. From the 
wave functions obtained, the mass-polarization 
and the relativistic corrections were evaluated 
for Z =1 to 10. Using the values of the Lamb 
shift computed by Kabir, Salpeter, and Sucher, 
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we obtain an ionization potential for helium of 
198 310.67 cm™* as against Herzberg’s value of 
198 310.8,+0.15 cm™*. Comparison is also made 
with the available experimental data for the other 
values of Z. By the use of our magnetic tape 
storage, the accuracy of the nonrelativistic en- 
ergy value for helium could be pushed to about 
0.001 cm™, should future improvements in the 
experimental values and in the computed radia- 
tive corrections warrant it. 


EFFECTS OF AN ELECTRIC DIPOLE MOMENT 
OF THE ELECTRON ON THE HYDROGEN EN- 
ERGY LEVELS. G. Feinberg, Brookhaven Na- 
tional Laboratory, Upton, New York (Received 
July 18, 1958). 


The bound states in a Coulomb field of a 
charged, spin 3, particle with an electric dipole 
moment are obtained. The nonrelativistic 
Schrodinger equation for such a particle is 
solved in closed form. The wave functions are 
generalizations of the Coulomb wave functions, 
involving Laguerre polynomials of nonintegral 
upper index. The accidental degeneracies of 
the Coulomb energy levels are removed by the 
dipole interaction. In particular, there will be 
an additional contribution to the splitting between 
the 2S1 and 2P: states coming from the dipole 
moment. By requiring that this extra energy 
shift should not destroy the agreement between 
the theoretical and experimental values of the 
Lamb shift, it is found that the dipole moment 
of the electron must be less than 10°** cm times 
the electron charge. Other effects of the dipole 
moment on the hydrogen energy levels are 
discussed. 


Al?® DECAY SCHEME. James M. Ferguson,” 
Radioactivity Center of the Department of Phys- 
ics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts (Received June 12, 
1958). 


The energies and intensities of the beta and 
gamma radiations from the long-lived ground 
level of Al®® were studied with scintillation spec - 
trometers. The positron spectrum was obtained 
using a plastic scintillator with 47 geometry and 
was found to have a forbidden shape and an end 
point of 1.160+0.008 Mev. The positrons are in 
coincidence with a gamma ray with an energy of 
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1.84+0.01 Mev, which is presumably from the 
first excited level of Mg’*®. There is also a weak 
gamma ray with an energy of 1.10+0.05 Mev, 

in coincidence with the 1.84-Mev gamma ray, 
and with an intensity of 0.03 relative to the 1.84- 
Mev gamma ray. This would be from the second 
excited level of Mg*®, to which the Al*® decays 
weakly by electron capture. No other gamma 
rays are observed. It appears that a peak in the 
pulse height spectrum at 700 kev is due to 
scattering effects rather than a gamma-ray 
photopeak. 


*Now at the U. S. Naval Radiological Defense Labo- 
ratory, San Francisco, California. 


DECAY OF Ag!?°”. £. G. Funk, Jr.,* and M. L. 
Wiedenbeck, Department of Physics, University 
of Michigan, Ann Arbor, Michigan (Received 
July 14, 1958). 


The gamma rays from Ag"’°”” were studied in 
magnetic spectrometers. Twenty-two electron 
lines corresponding to 14 gamma-ray transitions 
were observed. These gamma rays were ar- 
ranged in a plausible decay scheme. Directional 
correlation measurements were carried out on 
six gamma-ray cascades in Cd’’° resulting in 
spin assignments for 4 levels and multipolarity 
assignments for the strong gamma transitions. 


*Now at the University of Notre Dame, Notre Dame, 
Indiana. 


N'*(@, a@)N'* AND N'*(a, p)O!7 DIFFERENTIAL 
CROSS SECTIONS. D. F. Herring, * Ren Chiba,f 
B. R. Gasten, and H. T. Richards, University of 
Wisconsin, Madison, Wisconsin (Received July 
21, 1958). 


The N**(a, a)N** and N'‘*(a, p)O'” differential 
cross sections have been measured for a-par- 
ticle bombarding energies from 2.0 to 3.8 Mev. 
A differentially pumped gas scattering chamber 
was used. The N*‘(a, a)N"‘ differential cross 
sections were measured at center-of-mass an- 
gles of 170.8°, 140.6°, 125.1°, and 91.0°. Reso- 
nances were observed at 2.351, 2.370, 2.768, 
2.868, 2.870, 3.080, 3.576 Mev and ~3.67 and 
~3.71 Mev. 

The N'*(a, p)O'’ differential cross sections 
were measured for a-particle bombarding ener- 
gies from 2.7 to 3.8 Mev at center-of-mass an- 





VOLUME 1, NUMBER 10 


PHYSICAL REVIEW 


LETTERS NoveMBER 15, 1958 





gles of 169.7°, 135.6°, 119.0°, and 84.7°. Reso- 
nances in the N'*(a, p)O’” differential cross sec- 
tion were observed at a-particle bombarding 
energies of 2.868, 3.080, and 3.69 Mev. 

* 

Present address: Physics Department, Ohio State 
Uprersity. Columbus, Ohio. 

Present address: Physics Department, Tohoku 
University, Sendai, Japan. 


ENERGY LEVELS OF F”. D. F. Herring, * 
University of Wisconsin, Madison, Wisconsin 
(Received July 29, 1958). 


The N"*(a, a)N" differential cross sections re- 
ported in the previous paper have been analyzed 
using the dispersion formalism to obtain pro- 
perties of the energy levels of F’*. A detailed 
fit of the calculated cross section to the ex- 
perimental data was possible for the two broad 
resonances in the 3-Mev (lab) region. The 3.7- 
Mev (lab) anomaly cannot be accounted for by a 
single level. For the remaining levels, a de- 
tailed fit of the calculated cross to the experi- 
mental data was not attempted. It was possible, 
however, to restrict the J values and parity of 
these levels by a qualitative inspection of the 
data. 


*Present address: Physics Department, Ohio State 
University, Columbus, Ohio. 


(n,t) CROSS SECTIONS FOR B*°, B™ AND Be’. 
Marvin E. Wyman, * Edward M. Fryer,? and 
Munson M. Thorpe, Los Alamos Scientific La- 
boratory, University of California, Los Alamos, 
New Mexico (Received July 24, 1958). 


A measurement of the (m,¢) cross sections for 
Be®, B®, and B" is described. The tritium 
yield was determined by absolute counting of the 
beta activity. Neutron fluxes were measured 
by standard techniques. The following values 
were obtained at the indicated neutron energics: 
Be® at 14.1 Mev, 18+1.5 mb; B’° at 4 Mev, 95 
+10 mb; B’° at 5.6 Mev, 230+25 mb; B’® at 
9.6 Mev, 125+15 mb; B’° at 14.1 Mev, 8536 
mb; B’® for fission spectrum, 30+2 mb; B" at 
14.1 Mev, 15+5 mb. 


+ 
Now at University of Illinois, Department of Phys- 
ics, Urbana, Illinois. 
tNow at Pomona College, Department of Physics, 
Claremont, California. 


POLARIZATION OF PROTONS FROM C"*(d, 
p)C’ REACTION WITH DEUTERONS OF 1060 
kev. Mira K. Jurié and Silva D. Cirilov, Institute 
of Nuclear Sciences Boris Kidrich, Belgrade, 
Yugoslavia (Received June 16, 1958). 


The polarization of protons from the C'*(d, 
p)C** reaction has been measured for a deuteron 
energy of 1060 kev at angles 20° and 140°. Elas- 
tic scattering by carbon was used to analyze the 
polarization. Nuclear emulsions were used as 
the proton detector. The observed magnitude of 
the polarization was found to be P=54.3 + 9.5% at 
20° and P=29.4+12.6% at 140°. Positive sign of 
the polarization corresponds to the vector pro- 
duct KpxKq ‘ 


N**(p, n)O'® REACTION STUDY. K. W. Jones, * 

L. J. Lidofsky, and J. L. Weil, Department of 

Physics, Columbia University, New York, New 
York (Received July 18, 1958). 


The excitation curve for the N*°(p,)O"* reac- 
tion at zero degrees has been measured from 
threshold at 3.78-Mev to 6.38-Mev bombarding 
energy. Resonances corresponding to excited 
states in O** at 16.21, ~16.3, ~17.0, 17.13, 17.29, 
~17.5, 17.63, 17.84, 17.97, and 18.05 Mev were 
observed. The 16.21-Mev state is J” =1* and the 
16.3 Mev state is J”=0". The energy difference 
between the N*°(p,)O"* threshold energy and the 
Li’(p, m) Be’ H,*-beam thick-target threshold was 
found to be 17.6+0.5 kev. A threshold energy for 
N?5(p, n)O'* of 3.7808 +0.0011 Mev is implied if 
possible differences in the extrapolated end points 
of the Li’(p,n)Be’ thresholds with H+ and H,* 
beams are ignored. 


* Now at the Ohio State University, Columbus, Ohio, 


NEUTRON SCATTERING AT 2.2 Mev BY TIME 
OF FLIGHT. H. H. Landon,* A. J. Elwyn, G. N. 
Glasoe, and S. Oleksa, Brookhaven National 
Laboratory, Upton, New York (Received July 17, 
1958). 


A millimicrosecond time-of-flight technique 
has been applied to a study of the scattering of 
2.2-Mev neutrons from targets of Fe, Pb?®, 
and Y. The 3-Mev phase-focused proton beam 
from the BNL 18-in. cyclotron was used to pro- 
duce high-intensity neutron pulses in the T(p, 
n)He* reaction. The angular distributions of the 
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elastically scattered neutrons have been meas- 
ured for the above targets. The angular distri- 
butions of the inelastically scattered neutrons 
from the 0.845-Mev level in Fe and from the 
0.803-Mev level in Pb? have been carefully 
studied, and were found to be symmetric about 
Som, = 90°. The angular distributions of the in- 
elastically scattered neutrons from levels at 
1.34 and 1.43 Mev in Pb*, and from levels at 
0.913 and 1.53 Mev in Y have been measured, 
and also appear to be symmetric about 90m. 

= 90°. The inelastic scattering from Pb’® shows 
evidence for a new level at 1.15 Mev. 


*Present address: National Bureau of Standards, 
Washington, D. C. 


EFFECT OF CHANNEL MIXTURES ON n-> 
CORRELATIONS FROM STRIPPING REACTIONS. 
Steve Edwards, Jr., Department of Physics, The 
Johns Hopkins University, Baltimore, Maryland 
(Received July 30, 1958). 


The heavy-particle stripping channel has been 
included in the Born approximation stripping 
theory of n-y angular correlations for the B’(d, 
n)C2*(y)C? first excited state reaction. Be- 
cause of the dependence of the relative contribu- 
tions from the deuteron and heavy-particle strip- 
ping channels on neutron angle and the variation 
of the relative orientation of the preferred axes 
of quantization with neutron angle, the total cor- 
relation function is a function of neutron angle. 
The correlation functions for each channel de- 
pend on the coupling scheme assumed for the 
angular momenta involved in the reaction. 


STUDY OF SOME (p,n) REACTIONS BY NEU- 
TRON TIME OF FLIGHT. A. J. Elwyn, H. H. 
Landon, * Sophie Oleksa, and G. N. Glasoe, 
Brookhaven National Laboratory, Upton, New 
York (Received July 7, 1958). 


A millimicrosecond time-of-flight technique 
has been applied to the study of (p,m) reactions 
in K, Ca**, Ti, Cr, Mn, Fe, Cu, As, and Rb 
using the phase-focused 3-Mev proton beam 
from a small fixed-frequency cyclotron. The 
neutron spectra, resulting from these reactions, 
gave data from which the ground state @ values 
and some of the energy levels in the residual 
nuclei have been determined. The reactions in 
K and Fe yielded only one neutron group each, 
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which corresponded to the ground states in Ca‘! 
and Co*”’ respectively. In addition to the ground 
state @ values, the energies were determined 
for one excited state in each of the nuclei Mn*, 
Mn, and Sr®, two excited states in Zn®™, three 
excited states in Sr®’, and four excited states in 
each of the nuclei Sc**, V**®, Fe®® and Se”. The 
angular distributions of the neutron groups were 
observed to be essentially isotropic in the Ca*® 
(p,n) Sc*® and Cu®(p,)Zn® reactions. 

"Now at the National Bureau of Standards, Washington, 
D. C. 


DECAY OF Cu™. J. W. Butler and C. R. Gossett, 
Nucleonics Division, United States Naval Re- 
search Laboratory, Washington, D. C. (Re- 
ceived May 9, 1958). 


A source of Cu* was prepared by means of 
the (p, y) reaction on an enriched Ni®™ target. 
The gamma rays following positron emission 
were detected with a scintillation spectrometer, 
and the following energies were measured: 
0.88+0.01, 1.13+0.02, and 1.17+0.01 Mev. The 
relative intensities with respect to the positrons 
are 0.3, 0.1, and 0.5% with uncertainties of a 
factor of two either way. Coincidence techniques 
and half-life measurements were used to iden- 
tify the gamma rays with the decay of Cu”. The 
half-life for positron emission was measured to 
be 9.9+ 0.2 min. Branching ratios and log/t 
values have been calculated and are listed in 
tabular form. 


ELASTIC SCATTERING OF 1.6-Mev GAMMA 
RAYS FROM H, Li, C, AND Al NUCLEI. 

Luis W. Alvarez, Frank S. Crawford, Jr., and 
M. Lynn Stevenson, Radiation Laboratory and 
Department of Physics, University of California, 
Berkeley, California (Received July 28, 1958). 


The elastic scattering of 1.6-Mev gamma rays 
from H, Li, C, and Al has been measured at an 
angle of 124°. The ratios of the measured differ- 
ential cross sections to the classical Thomson 
differential cross sections are 0.94+0.16 for H, 
0.92 +0.10 for Li, 1.06+0.10 for C, and 1.15 
+0.10 for Al. These results agree with the 
field-theory prediction that in the low photon- 
energy limit the cross section must approach 
the classical Thomson cross section. 
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BET A-GAMMA CORRELATION AND TIME-RE- 
VERSAL INVARIANCE. Icko Iben, Jr., Depart- 
ment of Physics, University of Dlinois, Urbana, 
Illinois (Received July 22, 1958). 


The distribution function for the first-forbidden 
beta-gamma correlation for randomly oriented 
nuclei, including beta transverse polarization 
terms, is presented and discussed in connection 
with the question of time-reversal invariance. 
Coulomb field effects are included and it is found 
that even for relatively small Z the asymmetry 
which tests time-reversal invariance is reduced 
appreciably compared to that calculated for Z=0 
by Curtis and Lewis. In the limit of high aZ/2R, 
that is, for most first-forbidden decays, a de- 
finite relation exists between the ordinary direct- 
ional correlation asymmetry and the beta polari- 
zation-dependent asymmetries. In this approxi- 
mation it is found that terms which test time- 
reversal invariance appear in the same manner 
in all asymmetries but are dominated in general 
by contributions which do not test time-reversal 
invariance. For the particular case of Au’ it 
is shown that the experimental results are con- 
sistent with time-reversal invariance but are 
also consistent with an appreciable violation of 
time-reversal invariance. It is concluded that 
under faborable conditions it is barely possible 
that an investigation of the asymmetries for some 
other beta-gamma cascade could provide a test 
for time-reversal invariance. However, the ex- 
tent to which it is or is not violated could not be 
determined by such an investigation. 


FORMATION OF Be’ IN INTERACTIONS OF 
VARIOUS NUCLEI WITH HIGH- ENERGY 
PROTONS. E. Baker, G. Friedlander, and J. 
Hudis, Chemistry Department, Brookhaven 
National Laboratory, Upton, New York (Re- 
ceived July 30, 1958). “ 


Cross sections are reported for the formation 
of Be’ in interactions of C, Al, Cu, Ag, and Au 
with protons of energies between 1 and 3 Bev. 
They are compared with previous data at 0.34- 
Bev proton energy. The carbon cross section 
is strikingly constant at 11 to 14 mb from 0.1 
to 3.0 Bev. The other cross sections rise with 
increasing proton energy and are all in the 
neighborhood of 10 mb at 3 Bev. Beryllium-7 
may be considered as a spallation residue from 
carbon, and the same mechanism probably 
accounts for at least a large part of its forma- 
tion from Al. However, Monte Carlo calcula- 


tions show that this mechanism predicts much 
too low cross sections from the higher-Z targets. 
Other mechanisms must be invoked, the most 
promising being the evaporation of Be’ nuclei 
discussed in the following paper. 


Be’ NUCLEI AS EVAPORATED PARTICLES IN 
HIGH-ENERGY REACTIONS. J. Hudis, Chem- 
istry Department, Brookhaven National Labora- 
tory, Upton, New York, and J. M. Miller, Chem- 
istry Department, Brookhaven National Labora 
tory, Upton, New York, and Chemistry Depart- 
ment, Columbia University, New York, New 
York (Received July 30, 1958). 


The probability for the emission of Be’ nuclei 
in an evaporation process has been calculated. 
These calculations support the hypothesis that 
the Be’ produced in high-energy proton irradia- 
tion of copper, silver, and gold, as described in 
the previous paper, is formed directly by an 
evaporation process. 


YIELDS OF K* AND K~ MESON PRODUCTION 
BY 1.7- to 3- Bev PROTONS. J. Hornbostel, E. O. 
Salant, and G. T. Zorn, Brookhaven National 
Laboratory, Upton, New York (Received July 28, 


1958). 


Nuclear emulsions were used to measure yields 
of K* and K~ mesons produced in Be (and Pb) 
nuclei by Cosmotron protons of various energies, 
ranging from 1.7 Bev to 2.95 Bev. The experi- 
mental equipment accepted particles emitted in 
the forward direction with momenta of about 300 
Mev/c. At 2.95 Bev, the K* yield from Be cor- 
responds to a differential cross section per nuc- 
leus of (4.0+0.5) x 107! cm?(Mev/c)~ sterad™; 
the K~ cross section is 26 times smaller. The 
K* cross section of Pb is larger than that of Be 
by a factor approximately equal to the ratio of 
the geometric cross sections of these nuclei. 
With decreasing proton energy, the K~ yield falls 
more rapidly than the K* yield. The energy de- 
pendence of the yields was compared with curves 
which were computed, on the assumption of con- 
stant matrix elements, from the phase-space 
factors of production reactions required by the 
principle of conservation of strangeness. For 
K~, the results of these calculations agree with 
the experimental data; for K*, the yield falls 
more rapidly with decreasing primary energy 
than expected from the computations. 
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ANTIPROTON- PROTON CROSS SECTIONS AT 
133, 197, 265, AND 333 Mev. Charles A. 
Coombes, Bruce Cork, William Galbraith, 
Glen R. Lambertson, and William A. Wenzel, 
Radiation Laboratory, University of California, 
Berkeley, California (Received July 18, 1958). 


In a scintillation-counter experiment the in- 
teraction of antiprotons with protons in the en- 
ergy region 133 to 333 Mev has been studied. 
Antiprotons, produced internally in the Bevatron, 
channeled externally by a system of magnetic 
quadrupoles and bending magnets, and identified 
by time of flight, entered a target containing 
liquid hydrogen. This target was completely 
surrounded by a system of scintillation counters 
which detected both scattered antiprotons and 
annihilation secondaries. An electrostatic -mag - 
netic velocity spectrometer was used in the ex- 
ternal magnetic channel to increase the ratio of 
antiprotons to pions. The p-) total, elastic, 
inelastic, and charge-exchange cross sections 
and the angular distribution of elastic scattering 
were measured at each energy. The inelastic 
cross section is approximately one-half the total 
cross section at these energies. The results are 
discussed in connection with current theories. 


(p, pn) REACTIONS AT PROTON ENERGIES 
FROM 0.3 TO 3.0 Bev. Samuel S. Markowitz* 
and F. S. Rowland,f Departments of Chemistry, 
Princeton University, Princeton, New Jersey, 
and Brookhaven National Laboratory, Upton, 
New York, and G. Friedlander, Department of 
Chemistry, Brookhaven National Laboratory, 
Upton, New York (Received July 21, 1958). 


Cross sections for (p, pn ) reactions on N“*, 
F’*, Fe™, Ni®®, Cu, Cu, Zn, Mo!™, and 
Ta'*! have been measured at proton energies of 
0.4 and 3.0 Bev. For F’®, Cu%, Mo’™, and Ta’®, 
cross section measurements at several other 
energies between 0.3 and 3.0 Bev are reported 
also. Within 30%, all these (p, pn) cross sec- 
tions appear to be energy independent in this 
range. At a given energy the cross sections 
show greater variations from nucleus to nucleus 
than can be explained on the basis of a purely 
statistical picture of knock-on processes. Among 
the lightest nuclei (C’, N*, O**, F?*), these 
variations can be correlated with the energy of 
the lowest lying level of the product nucleus 
which is stable with respect to particle emis- 
sion. Among heavier nuclei this correlation 
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disappears, and it is suggested that shell struc- 
ture effects may be responsible for the fact that 
the (p, pn) cross sections of Cu®*, Cu®, and Zn™ 
are about 45% higher than those of Fe™ and Ni™. 
Apart from these individual variations which a 
statistical theory could not be expected to re- 
produce, it is found that the recent Monte Carlo 
calculations of intranuclear cascades by Met- 
ropolis et al. do not even predict the right mag- 
nitude and energy dependence for the cross 
sections. The calculated cross sections are too 
small by factors of 2 to 3 at 0.4 Bev and showa 
decrease with increasing energy. Possible 
reasons for these discrepancies are sought in 
the details of the nuclear model used in the cal- 
culations. Various mechanisms which may con- 
tribute to (p, pn) reactions are discussed. It is 
concluded that deuteron emission cannot con- 
tribute significantly at the energies considered. 
Processes involving evaporation of one of the 
nucleons are likely to decrease in importance 
with increasing energy, whereas the contribution 
of meson reactions, such as (p, pnm®), (p, 2p7~), 
etc., probably increases with energy. The observ- 
ed energy independence of the cross sections may 
result from accidental cancellation of such op- 
posing trends. 


*Present address: Department of Chemistry, Uni- 
versity of California, Berkeley, California. 

* Present address: Department of Chemistry, Uni- 
versity of Kansas, Lawrence, Kansas. 


PRODUCTION OF AUGER ELECTRONS BY 
NEGATIVE K MESONS AND 7 MESONS. Eliza- 
beth B. Chesick and J. Schneps, Department of 
Physics, Tufts University, Medford, Massa- 
chusetts (Received July 14, 1958). 


The mesonic Auger effect has been studied 
for K” mesons and m~ mesons. It is expected 
that the frequency of production of Auger elec- 
trons of energy greater than 15 kev should be 
about 50% greater for K mesons than for 7 
mesons due to the greater mass of the K meson. 
200 7-meson stars and 195 K-meson stars in 
nuclear emulsion have been examined for asso- 
ciated slow electrons of energy greater than 15 
kev. For 7 mesons it is found that 14.5% of the 
stars have one Auger electron and 3.5% have 
two. For K mesons 25.1% have one, 5.6% have 
two, and 1.0% have three. Thus 18% of all 1- 
meson stars and 31.5% of all K-meson stars 
have one or more associated Auger electrons. 
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Assuming that 54% of all stars are in the heavy 

elements of the emulsion, it is found that 33.3% 

of 7 mesons and 58.7% of K mesons captured in 

silver and bromine have one or more associated 
Auger electrons. Hence the increase in produc- 
tion by K mesons over that by 7 mesons is about 
75%. 


EXPERIMENTAL RESULTS ON THE RADIATIVE 
1-4. DECAY. Carlo Castagnoli and Mario Much- 
nik, Istituto di Fisica dell’Universita di Roma 
and Istituto Nazionale di Fisica Nucleare, Sezione 
di Roma, Rome, Italy (Received July 28, 1958). 


A total of 93045 7-p decays have been examin- 
ed in Ilford G-5 plates, where both the 7 and the 
i. decays take place in the emulsion, in order to 
study the r~y.+v+y decay. From the total number 
of short muons thus found, all cases possibly due 
to pion decays in flight were eliminated. Accur- 
ate corrections were carried out taking into ac- 
count the straggling effects on the normal muons, 
so as to establish a safe upper limit in the ano- 
malous muon range determination. Carefully 
correcting for the geometrical losses and experi- 
mental biases, the value (2.22 +0.33) x10 was 
obtained for the probability of a pion decaying 
into a muon of range shorter than 455 uw. This 
result is in good agreement with the theoretical 
predictions on the pion radiative decay. 


QUASIELASTIC SCATTERING OF PIONS BY 
NUCLEI. T. K. Fowler,* University of Wiscon- 
sin, Madison, Wisconsin (Received June 9, 1958). 


This paper discusses a prescription, based 
upon the impulse approximation, for estimating 
the inelastic contamination generally present in 
attempted measurements of elastic pion- nucleus 
differential scattering cross sections because of 
the finite energy resolution of detectors. It is 
also pointed out that in such quasielastic meas- 
urements the interference portion of the in- 
elastic scattering, for which the form factor is 
the Fourier transform of the important and un- 
known nucleon pair correlation density, is ex- 
perimentally separated from the direct inelastic 
scattering over a large range of scattering 
angles. 


“Now at the Oak Ridge National Laboratory, Oak 
Ridge, Tennessee. 


SCATTERING OF 31.5-MEV POSITIVE PIONS 
FROM CARBON. P. P. Kane,* Department of 
Physics, University of Rochester, Rochester, 
New York (Received July 10, 1958). 


Measurements were made at laboratory angles 


from 40° to 145° on the scattering of 31.5-Mev 


positive pions from carbon. Pulse-height analy- 
sis was used to select elastic scattering events. 
The observed differential cross sections for 
elastic scattering indicate destructive interfer- 
ence between the Coulomb and nuclear scattering 
amplitudes. The presence of inelastic pion scat- 
tering is inferred from a combination of different 
methods of study: pulse-height analyses, absorp- 
tion measurements, and detailed comparisons of 
the data obtained in the case of carbon with those 
obtained in the case of copper and lead. An upper 
limit of 2 is placed on the spin of the 9.6-Mev 
state of C’*. This is not in disagreement with the 
results of other experiments and existing theore- 
tical predictions. 


*Present: address: Wesleyan University, Middletown, 
Connecticut. 


1*+-MESONIC DECAY OF A HYPERFRAGMENT. 
J. Schneps, Department of Physics, Tufts Uni- 
versity, Medford, Massachusetts (Received 
July 31, 1958). 


The 7*-mesonic decay of a hyperfragment has 
been observed. The hyperfragment was pro- 
duced in a negative K-meson star in emulsion, 
and it decayed into two visible particles, a 7* 
meson and a recoil. It can be interpreted as 

Li’ —n+n* + He’, or Be’ —n+7* + Li®. Since 
the A particle decays only into p+7 and n+7n°, 
the appearance of a 7*-meson from this hyper- 
fragment is explained as due to the charge ex- 
change of a 7°-meson from the A decay with the 
residual nucleus of the hyperfragment. 


SCATTERING OF POLARIZED MU MESONS 
FROM EXTENDED NUCLEL. George H. Rawit- 
scher,* Department of Physics and Astronomy, 
University of Rochester, Rochester, New York 
(Received July 31, 1958). 


Scattering solutions of the Dirac equation for 
a muon in the static electric field of an extended 
nucleus are numerically obtained for various 
values of the velocity of the incident particle 
(8 = 0.4 to 0.8) and of the charge of the scatter- 
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ing nucleus (Z = 48 and 80). A Stanford Fermi - 
type shape for the extended nuclear charge dis- 
tribution is assumed. Angular distributions of 
the unpolarized cross section and of the left- 
right scattering asymmetries (S) of a trans- 
versely polarized beam of u*+ and uy” mesons 
are presented. For uu” the finite nuclear size 
strongly reduces S in the forward directions. 
The reduction of the cross section seems to be 
more sensitive to the detailed shape of the 
charge distribution than is the reduction of S. 

In the case of u*, S is appreciably altered from 
the “point” value, and can depend sensitively on 
the shape of the nuclear charge distribution. 
The value of S can be larger for the extended 
nucleus than for the point nucleus. 


*Now at Physics Department, Yale University, New 
Haven, Connecticut. 


PROPOSAL FOR DETERMINING THE PION- 
NUCLEON COUPLING CONSTANT FROM THE 
ANGULAR DISTRIBUTION FOR NUCLEON- | 
NUCLEON SCATTERING. Geoffrey F. Chew, 
Radiation Laboratory, University of California, 
Berkeley, California (Received July 21, 1958). 


A plausibility argument is made that the real 
and imaginary parts of the nucleon-nucleon scat- 
tering amplitude as functions of the cosine of the 
barycentric system scattering angle, for fixed 
energy, are analytic in the complex plane, with 
singularities confined to the real axis. It is con- 
jectured that in the real part there are poles at 
cosé = +(1+yu?/2k*), where p is the pion rest mass 
and k the barycentric momentum, branch points 
at cos@ =+(1+2u?/k?), +(1+9u?/2k?), etc. The re- 
sidues of the poles are related directly to g’, the 
pion-nucleon coupling constant, and a procedure 
is outlined for determining g” by an extrapolation 
of experimental data on either backward or for- 
ward nucleon-nucleon scattering. 


WIDE-ANGLE PAIR PRODUCTION AND QUAN- 
TUM ELECTRODYNAMICS AT SMALL DIS- 
TANCES. J. D. Bjorken, S. D. Drell, and S. C. 
Frautschi, Department of Physics, Stanford 
University, Stanford, California (Received July 
7, 1958). 


Wide angle photoproduction of high-energy 
electron-positron pairs in hydrogen is proposed 
and analyzed as a test of quantum electrodynam- 
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ics at distances < 10™* cm. The effect of proton 
structure can be removed in terms of the two 
form factors measured in the elastic electron- 
proton scattering process. Cross sections are 
presented for two classes of pair production ex- 
periments: (1) detection of one of the final par- 
ticles, and (2) coincidence experiments. In ad- 
dition to kinematic, anomalous moment, and 
nucleon form-factor corrections to the Bethe-Heit- 
ler formula, dynamical corrections to the pro- 
ton current and radiative corrections are cal- 
culated. The final theoretical formula is be- 
lieved to be accurate to 2 percent. A simple cut- 
off model suggests that a 5 percent accuracy 

in an experiment of type (1) tests the electron 
propagator at distances ~0.7107'* cm, while a 
10 percent accuracy in a coincidence arrange- 
ment of type (2) probes the electron propagator 
at ~0.3 x 1075 cm. 


GAUGE-INVARIANT QUANTUM ELEC TRODY- 
NAMICS. Irwin Goldberg, Brookhaven National 
Laboratory, Upton, New York (Received July 
24, 1958). 


Electrodynamics is quantized without resort 
to subsidiary conditions. The quantization is 
carried out by identifying quantum commutators 
with the commutators of a classical transforma- 
tion group related to the canonical transforma- 
tions. The resulting theory is completely gauge 
invariant and Maxwell’s equations hold as oper- 
ator equations. The quantization of both electro- 
magnetic and electron fields is carried out in 
terms of gauge-invariant quantities. For the 
Dirac field the observables satisfy commutation 
relations. The anticommutation rules satisfied 
by the field variables must be deduced from the 
commutators of observables. The resulting 
theory is completely equivalent to the usual 
quantum electrodynamics. 


THE CONSISTENCY OF QUANTUM ELECTRO- 
DYNAMICS. Kenneth A. Johnson,” Institute for 
Theoretical Physics, University of Copenhagen, 
Denmark (Received July 21, 1958). 


The proof of the statement “At least one of the 
renormalization constants in electrodynamics is 
infinite” is examined in the light of perturbation 
theory and the gauge invariance of electrodynam- 
ics. The essential result used to derive the 
statement is found not to reproduce perturbation 
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theory at least in a simple way. On the basis of 
gauge considerations, a conjecture is proposed 
which provides a modified essential result and 
which is found to reproduce perturbation theory. 
Even if the modified result could be rigorously 
established, it would not lead to the statement 
that any gauge independent quantity is infinite. 
In fact, the combined results would establish 
only the statement that the use of gauges where 
the exact electron “wave function” relative to 
the “wave functions” for a free electron is a 
constant, is not consistent. 


*Permanent address: Massachusetts Institute of 
Technology, Cambridge, Massachusetts. 


DETERMINATION OF THE PION-NUCLEON 
SCATTERING AMPLITUDE FROM DISPERSION 
RELATIONS AND UNITARITY. GENERAL 
THEORY. S. Mandelstam, Department of Phys- 
ics, Columbia University, New York, New York 
(Received June 27, 1958). 


A method is proposed for using relativistic 
dispersion relations, together with unitarity, to 
determine the pion-nucleon scattering amplitude. 
The usual dispersion relations by themselves 
are not sufficient, and we have to assume a re- 
presentation which exhibits the analytic proper- 
ties of the scattering amplitude as a function of 
the energy and the momentum transfer. Unitar- 
ity conditions for the two reactions 7 +N-7 
+Nand N + N=27 will be required, and they 
will be approximated by neglecting states with 
more than two particles. The method makes use 
of an iteration procedure analogous to that used 
by Chew and Low for the corresponding problem 
in the static theory. One has to introduce two 
coupling constants; the pion-pion coupling con- 
stant can be found by fitting the sum of the 
threshold scattering lengths with experiment. 

It is hoped that this method avoids some of the 
formal difficulties of the Tamm-Dancoff and 
Bethe-Salpeter methods and, in particular, the 
existence of ghost states. The assumptions 
introduced are justified in perturbation theory. 

As an incidental result, we find the precise 
limits of the region for which the absorptive 
part of the scattering amplitude is an analytic 
function of the momentum transfer, and hence 
the boundaries of the region in which the partial- 
wave expansion is valid. 


RELATIVITY IN A STATIONARY SPHERICAL 
OR ELLIPTIC SPACE. John Kronsbein, Evans- 
ville College, Evansville, Indiana (Received 
March 4, 1957; revised manuscript received 
June 12, 1958). 


The fundamentals of the theory of relativity in 
a stationary spherical or elliptic space are de- 
veloped in continuation of a previous communi- 
cation on the static Einstein space in a manner 
which enables visualization of relative motion. 
This particular stationary space appears to be 
the natural and simplest generalization of Ein- 
stein’s space owing to the existence in both of 
the set of singularity-free motions previously 
introduced as Clifford translations. This station- 
ary space is no longer spherically symmetrical 
in all directions, and there are shown to be two 
different types distinguished by right- and left- 
handed Clifford translations of the reference 
systems. Each stationary space when compared 
with the Einstein space has a right- or left-hand- 
ed twist associated with it. The geodesics are 
distorted, except in a certain preferred direction, 
as compared with Einstein’s space. This is due 
to the existence of a gravitational field which re- 
sembles in some ways that illustrated in Minkow- 
ski space by the “Einstein elevator.” The Lorentz 
group links all these spaces, so that agreement 
between observers in any two spaces can be es- 
tablished with regard to a moving particle seen 
by both. Einstein’s space is found to occupy a 
preferential position as compared with all the 
other stationary spaces of this type. 


CHARGE SYMMETRY OF WEAK INTERAC- 
TIONS. Steven Weinberg, Columbia University, 
New York, New York (Received June 25, 1958). 


The invariance of strong interactions under G, 
the product of charge symmetry and charge con- 
jugation, has important consequences for 
strangeness-conserving lepton interactions. Ac- 
cording to the G-transformation properties of 
the strongly interacting “currents,” we may 
divide the primary weak interactions into two 
classes. The first class includes the conven- 
tional nucleon-lepton Fermi interaction, and is 
the only class that contributes to the 8-decay 
coupling constants. Unambiguous tests for the 
existence of second-class interactions include 
(a) induced scalar term in u~ absorption, (b) 
inequality of certain small correction terms in 
B” and N”, or in Li® and B® 8 decay, (c) in- 
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equality in rates of 5*~A°+e*+ v. Absence of 
second-class interactions would indicate a deep 
relation between isotopic spin and weak interac- 
tions; for example, the recent Feynman-Gell- 
Mann theory predicts that all vector weak in- 
teractions are first class. The presence of 
second-class interactions would mean that the 
usual Fermi interaction is insufficient, and 
must be supplemented by terms involving strange 
particles. Some general remarks are also made 
about the relations between (/°, 7) and (/*, v) 
processes, and we prove the useful theorem: 

No interference between V and A may occur in 
any experiment which treats both leptons iden- 
tically and in which no parity nonconservation 
effects are measured, providing that we may 
neglect the mass and charge of the leptons. 


ELIMINATION OF GHOSTS IN PROPAGATORS. 
P. J. Redmond, Department of Physics, Univer- 
sity of California, Berkeley, California (Re- 
ceived July 21, 1958). 


Within the general framework of perturbation 
theory, a method for calculating modified pro- 
pagators in terms of proper Feynman diagrams 
is derived. This method differs from previous 


approaches in that one insists that the propaga- 
tor have the correct analytical behavior as a 


function of p?. As a result one gets an expres- 
sion for the propagator which is similar toa 
conventional term-by-term perturbation theory 
expansion except that it is only necessary to 
consider proper diagrams and that the iteration 
of the proper diagrams is represented by a 
damping factor. As an example, the meson 
propagator for a pseudoscalar meson coupled to 
nucleons with a pseudoscalar coupling is approx- 
imated by considering only the lowest order 
proper diagram, a nucleon-antinucleon bubble. 
The resulting expression for the propagator has 
the following interesting properties: (1) by con- 
struction it has the proper analytical behavior 
as a function of p*; (2) the result has a singula- 
rity at g? = 0 when considered as a function of 
g’®; and (3) the wave function renormalization is 
finite. These three properties are intimately 
connected and when this connection is realized 
it is easy to understand why the usual methods 
of expressing propagators in terms of proper 
Feynman diagrams leads to ghosts. It is the 
purpose of this paper to understand this connec - 
tion and to indicate how it is possible to take 
consistently into account the iteration of proper 
Feynman diagrams without ever having ghosts 
appear. It is also found that an asymptotic ex- 
pansion valid in the region g” = 0 is possible 
and that this asymptotic expansion is identical 
with the perturbation theory series. 
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